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Foreword 


Exploration  of  hydrospace  requires  manned  and  unmanned  underwater  vehicles  capable  of  carry¬ 
ing  observers  and/or  electro-optical  devices  to  the  very  bottom  of  the  sea.  In  either  case,  the  vehicles 
must  be  provided  with  viewports  through  which  the  occupants  can  observe,  and  the  cameras  can 
record,  the  environment  around  them.  Windows  in  these  viewports  must  not  only  be  clear  but  also 
strong  enough  to  withstand  the  external  hydrostatic  pressure  exerted  by  a  column  of  water  extending 
from  the  vehicle  to  the  watei’s  surface. 

Pressure-resistant,  acrylic-plastic  windows  were  introduced  into  submersibles  in  1947  by  Profes¬ 
sor  Piccard.  Since  then,  these  windows  have  seen  extensive  service  on  undersea  vehicles  where  they 
provided  the  occupants  a  clear,  but  limited  view  of  hydrospace.  However,  even  vehicles  equipped  with 
multiple  viewports  do  not  afford  the  occupants  the  desired  panoramic  view  of  the  environment  outside 
the  vehicle.  On  the  contrary,  they  accentuate  the  occupants’  feelings  of  being  enclosed  in  an  opaque 
box  with  multiple  peepholes  that  allow  only  tantalizing  glimpses  of  the  colorful  environment. 

This  burdensome  obstacle  to  unimpeded  visual  exploration  of  hydrospace  could  be  eliminated  by 
providing  the  crew  of  the  submersible  with  a  pressure-resistant,  transparent  cockpit.  This  cockpit 
would  be  mounted  on  top  or  in  front  of  the  opaque  housing  that  encloses  the  functional  subsystems  of 
the  submersible.  To  convert  this  concept  into  reality,  many  technical  problems  had  to  be  solved.  A 
transparent  material  with  desirable  structural  properties  had  to  be  selected;  a  pressure-resistant  enclo¬ 
sure,  compatible  with  the  structural  characteristics  of  the  material,  had  to  be  designed;  and  one,  or 
several,  economical  fabrication  techniques  had  to  be  developed. 

The  Navy  achieved  the  goal  of  a  crew  compartment  that  was  transparent  with  panoramic  visibility, 
when,  in  1970,  the  Naval  Facilities  Engineering  Command  launched  the  world’s  first  two-man  trans¬ 
parent  submersible.  Nemo,  that  had  an  operational  depth  of  600  feet.  The  pioneering  transparent 
cockpit  design  gave  rise  to  a  whole  class  of  oceanographic  submersibles  with  transparent  compartments 
and  with  a  depth  rating  that  has  gradually  been  extended  to  3000  feet  by  improving  the  structural  per¬ 
formance  of  the  transparent  enclosure. 

To  preserve  and  disseminate  the  new  engineering  knowledge  gained  during  the  development  of  the 
transparent,  pressure-resistant  crew  compartments  for  oceanographic  submersibles,  all  the  technical 
reports  published  on  this  subject  have  been  collected.  They  are  presented  to  the  ocean  engineering 
community  in  Volumes  1  and  2  of  this  monograph.  This  information  should  prove  very  helpful  to  any 
engineer  contemplating  the  design  of  transparent,  pressure-resistant,  spherical  hulls  for  submersibles. 
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This  report  describes  an  improved  process  for  fabricating  spherical  acrylic  plastic  pressure 
hulls  within  close  dimensional  tolerances.  The  process  consists  of  casting  acrylic  plastic  hemi¬ 
spheres  in  a  precision  mold  assembly,  machining  their  equatorial  edge  and  cutting  polar 
penetrations,  bonding  them  together  with  a  cast-in-place  equatorial  joint,  polishing  their  inner 
and  outer  surfaces,  and  installing  an  aluminum  hatch  and  penetration  plate.  The  cost  of  the 
improved  process  is  approximately  50  percent  less  than  that  of  the  standard  process,  which 
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SUMMARY 


This  report  describes  an  improved  process  for  fabricating  spherical  acrylic  plastic 
pressure  hulls  within  close  dimensional  tolerances.  The  process  consists  of  casting  acrylic 
plastic  hemispheres  in  a  precision  mold  assembly,  machining  their  equatorial  edge  and 
cutting  polar  penetrations,  bonding  them  together  with  a  cast-in-place  equatorial  joint, 
polishing  their  inner  and  outer  surfaces,  and  installing  an  aluminum  hatch  and  penetration 
plate.  The  cost  of  the  improved  process  is  approximately  50  percent  less  than  that  of  the 
standard  process,  which  consists  of  bonding  together  12  thermoformed  and  machined 
spherical  pentagonal  shell  sections.  In  addition,  90  percent  fewer  bonded  joints  are  required, 
resulting  in  an  order-of-magnitude  improvement  in  optical  qualities.  A  full-scale  prototype 
with  an  outside  diameter  of  66.500  inches  and  an  inside  diameter  of  58.000  inches  has  been 
constructed  and  shown  to  be  acceptable  for  manned  service  to  a  depth  of  2500  feet  by 
hydrostatic  testing  under  sustained  loading  at  pressures  of  900,  1350,  1800,  and  4000 
lb/in^.  Implosion  occurred  after  13  minutes  of  sustained  loading  at  4000  lb/in^  and  75°F 
(simulated  depth  of  9000  feet). 
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INTRODUCTION 


Since  the  spherical  shape  provides  optimal  resistance  to  external  hydrostatic  pressure 
(ref.  1-6),  it  was  chosen  for  the  first  acrylic  plastic  pressure  hull,  used  on  the  manned  sub¬ 
mersible  NEMO  (ref.  7-11).  Though  limited  to  an  operational  depth  of  600  ft,  NEMO 
proved  the  feasibility  of  this  kind  of  hull  and  the  value  of  panoramic  visibility  underwater 
(ref.  1  2).  MAKAKAI,  the  second  Navy  submersible  of  this  class,  used  the  same  hull  design 
as  NEMO  and  also  had  an  operational  depth  limitation  of  600  ft  (ref.  13).  When  the 
Smithsonian  Institution  built  JOHNSON  SEA  LINK  1,  a  spherical  acrylic  plastic  pressure 
hull  similar  to  those  used  on  NEMO  and  MAKAKA1  was  chosen;  the  design  of  hull  and 
hatches  was  modified,  however,  to  permit  operation  to  a  depth  of  1000  ft  (ref.  14-15). 
Finally,  during  design  of  JOHNSON  SEA  LINK  I!  for  the  Harbor  Branch  Foundation,  hull 
and  hatches  were  further  improved,  and  a  depth  capability  of  3000  ft  was  obtained  (ref.  1  6). 

The  only  shortcoming  of  the  model  600,  1000,  and  2000  hulls  used  on  NEMO, 
MAKAKAL  and  JOHNSON  SEA  LINK  was  their  fabrication  from  multiple  spherical 
pentagonal  units  (figure  la).  This  method  of  fabrication  resulted  in  more  than  50  feet  of 
bonded  joints,  requiring  a  large  amount  of  hand  labor  and  producing  frequent  optical  dis¬ 
continuities  in  the  hull  (ref.  17).  For  this  reason  an  experimental  study  was  undertaken 
jointly  by  the  Naval  Undersea  Center  and  the  Harbor  Branch  Foundation  to  develop  a 
method  of  fabricating  spherical  acrylic  plastic  hulls  from  two  hemispherical  sections  with  a 
single  equatorial  joint  (figure  lb). 

The  development  of  the  improved  fabrication  process  was  planned  to  proceed  in  two 
steps.  The  objective  of  the  first  step  was  to  show  the  feasibility  of  a  precision  casting 
process  that  would  produce  hemispheres  requiring  no  machining  of  their  spherical  surfaces. 
This  objective  was  accomplished  by  casting  hemispherical  windows  with  an  inside  diameter 
of  10  inches  and  outside  diameter  of  18  inches  and  testing  them  to  show  that  they  were 
acceptable  for  manned  submersibles  (ref.  4). 

The  second  part  of  the  study  addressed  itself  to  applying  the  casting  process  devel¬ 
oped  in  the  first  part  to  full-sized  spherical  hulls.  This  report  describes  the  work  performed, 
which  resulted  in  the  model  2000B  spherical  acrylic  plastic  pressure  hull  with  an  operational 
depth  rating  of  2500  feet. 


DESIGN  AND  FABRICATION 

The  focus  of  the  study  was  the  model  2000  hull  developed  for  JOHNSON  SEA 
LINK  II.  This  hull,  shown  in  figure  2,  represented  the  most  advanced  model  in  the  series 
and  therefore  had  the  greatest  potential  value  to  prospective  users.  In  addition,  the  Harbor 
Branch  Foundation  had  a  requirement  for  two  pressure  hulls  with  at  least  a  2000-foot  depth 
capability.  Thus,  if  tooling  could  be  developed  for  casting  the  model  2000  hull  in  hemi¬ 
spherical  rather  than  pentagonal  sections,  it  would  be  available  without  additional  cost  for 
fabrication  of  these  hulls. 
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HULL  DESIGN 


The  objective  was  to  develop  a  hull  design  whose  performance  under  hydrostatic 
loading  would  be  identical  to  that  of  the  model  2000  hull  assembled  from  12  thermoformed 
plexiglas-G  spherical  pentagons  of  four-inch  thickness.  This  presented  a  problem,  since  tests 
conducted  in  phase  I  of  the  study  showed  that  although  the  acrylic  plastic  resulting  from 
the  precision  casting  process  developed  by  Polymer  Products  met  Navy  and  ASME  specifica¬ 
tions  (ref.  18)  for  man-rated  acrylic  windows  and  hulls,  it  had  approximately  10  percent 
lower  yield  strength  than  Plexiglas  G. 

To  approximate  the  structural  performance  of  the  model  2000  hull  it  became 
necessary  to  increase  its  minimum  four-inch  wall  thickness  by  at  least  10  percent  (figure  3). 
Since  decreasing  the  inner  diameter  of  the  hull  would  make  the  interior  more  cramped  for 
the  crew,  most  of  the  increase  was  accomplished  by  increasing  the  outer  diameter  of  the 
spherical  shell.  No  other  changes  were  made  at  that  time  to  the  original  design.  As  a  result 
both  the  hatch  and  bottom  penetration  assemblies  designed  previously  for  the  model  2000 
capsule  could  be  utilized  in  the  model  2000B  hull  with  only  minor  modifications.  The 
modifications  consisted  of  increasing  the  width  of  the  polycarbonate  insert  from  4.875 
inches  to  5.000  inches  and  decreasing  the  thickness  of  the  insert  flange  from  0.905  to 
0.750  inch.  These  minor  modifications  accommodated  the  polycarbonate  insert  originally 
designed  for  a  four-inch  wall  thickness  to  the  4.4-inch  wall  thickness  of  the  model  2000B 
hull. 

TOOLING 

Tooling  for  the  precision  casting  of  acrylic  plastic  hemispheres  for  the  model  2000B 
hull  consisted  of  a  mold  assembly,  an  autoclave  cart,  and  a  strongback.  All  tooling  compo¬ 
nents  were  designed  by  Adroit  Engineering,  San  Diego,  California. 

Mold  Assembly 

The  mold  assembly  consisted  of  a  matched  set  of  male  and  female  molds  (figure  4). 
Considerable  thought  went  into  the  design  of  the  mold  assembly.  It  was  to  serve  as  the  form 
for  gelling  and  polymerization  of  the  acrylic  plastic  and  as  a  power  assisted  jig  for  separating 
the  polymerized  casting  from  the  mold.  In  addition,  the  mold  assembly  had  to  fit  into  the 
autoclave,  where  polymerization  took  place  under  elevated  temperature  and  pressure. 

The  mold  assembly  was  patterned  after  the  mold  developed  during  phase  1  for  the 
hemispherical  window  castings.  The  major  components  were  the  female  mold  (serving  as 
the  foundation  for  four  flanged  wheels),  the  male  mold  (serving  as  the  foundation  for  six 
hydraulic  lifting  jacks  and  six  elevation  adjusting  screws),  and  a  manually  operated  hydraulic 
pump  (for  pressurization  of  the  hydraulic  jacks).  The  whole  assembly  was  fabricated  from 
welded  low-carbon  steel.  The  nominal  wall  thickness  of  the  female  mold  was  0.5  inch  and 
of  the  male  mold  0.75  inch.  Both  molds  were  reinforced  with  meridional  and  circumferen¬ 
tial  stiffeners  to  maintain  their  sphericity  during  and  after  machining  (figures  5  and  6).  The 
male  mold  was  made  from  thicker  steel  than  the  female  mold  because  it  was  thought  that  it 
might  buckle  under  external  pressure,  exerted  by  the  shrinking  plastic,  during  the  polymeriza¬ 
tion  process  inside  the  autoclave. 
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The  hydraulic  jacks  mounted  on  the  extensions  of  the  male  mold  served  to  separate 
it  from  the  polymerized  casting  (figure  7).  Since  the  shrinkage  of  the  casting  was  known  to 
be  in  the  5  to  10  percent  range,  a  substantial  grip  would  be  exerted  on  the  male  mold.  To 
overcome  this  grip  each  of  the  jacks  was  designed  to  exert  up  to  10  tons  of  thrust  against 
the  equatorial  edge  of  the  casting.  A  manually  operated  hydraulic  pump  provided  pressur¬ 
ized  oil  through  flexible  hoses  to  the  jacks. 

The  thrust  of  the  hydraulic  jacks  was  augmented  by  air  pressure  applied  through  a 
fitting  in  the  bottom  of  the  mold  to  the  interface  between  mold  and  casting  (figure  8a). 

This  provision  was  found  to  be  very  helpful,  since  the  jacks  alone  could  not  always  insure 
separation  between  the  mold  and  the  casting. 

The  separation  of  the  female  mold  from  the  casting  was  accomplished  by  pressurized 
water  pumped  into  the  annular  space  between  mold  and  casting  through  a  fitting  located  at 
the  very  bottom  of  the  mold.  After  the  separation  was  accomplished,  further  influx  of 
water  made  the  casting  float  up  in  the  mold  till  a  lifting  jig  could  be  attached  to  it  (figure 
8b). 

The  elevation  adjusting  screws,  located  on  the  extensions  of  the  male  mold,  were 
used  for  adjusting  the  clearance  between  the  bottom  of  the  male  mold  and  the  female  mold. 
They  also  helped  to  locate  the  center  of  the  male  mold  in  the  center  of  the  female  mold. 
With  the  help  of  these  screws  it  was  possible  to  center  the  male  mold  within  0.030  inch  of 
the  desired  location. 

Flanged  wheels,  attached  to  the  lower  external  circumferential  stiffener  on  the 
female  mold,  were  designed  for  moving  the  mold  assembly  on  rails  in  and  out  of  the  auto¬ 
clave  located  at  Polymer  Products.  In  this  manner,  the  mold  assembly  could  be  easily  filled 
with  casting  mix  outside  the  autoclave  and  then  moved  on  rails  into  the  autoclave  without 
disturbing  the  gelling  mixture. 

Autoclave  Cart 

The  autoclave  cart  consisted  of  a  box  frame  supported  by  four  flange.’  wheels 
whose  spacing  matched  that  of  the  narrow  track  extending  from  the  interior  •>!'  the  auto¬ 
clave  into  the  general  work  area.  The  cart  was  designed  to  support  the  assemMed  castings 
during  bonding  of  the  equatorial  joint  and  subsequent  polymerization  of  the  adhesive  inside 
the  autoclave  (figure  9). 

Strongback 

The  strongback  consisted  of  a  circular  frame  with  a  lifting  sling.  The  diameter  of 
the  circular  frame  was  smaller  than  the  outer  diameter  of  the  casting,  permitting  the  casting 
to  be  lifted  from  the  female  mold  after  it  was  partially  raised  by  water  (figure  10).  The 
strongback  was  attached  to  the  casting  by  disassembling  it  into  two  halves,  placing  them 
around  the  casting,  and  clamping  them  together  with  bolts. 
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CASTING  AND  INSPECTION 


Casting  Process 

The  casting  process  developed  previously  for  this  purpose  by  Polymer  Products  of 
Oakland,  California,  consisted  of  five  distinct  steps:  (1)  mixing  of  resin  with  additives; 

(2)  pouring  of  resin  mix  into  the  mold  assembly;  (3)  gellation  of  resin  mix  in  the  mold  at 
atmospheric  pressure  and  temperature;  (4)  polymerization  of  gelled  resin  mix  inside  the 
autoclave  under  elevated  temperature  and  pressure;  and  (5)  removal  of  the  polymerized 
casting  from  the  mold. 

Mixing  of  acrylic  (figure  1 1 )  with  the  required  additive  took  place  under  atmos¬ 
pheric  pressure  and  temperature.  The  same  ratio  of  acrylic  to  polymer  powder,  catalyst, 
and  cross-linking  initiator  was  used  as  in  phase  I  of  the  study.  The  mixing  was  performed 
by  hand  with  an  electric  rotary  mixer  in  five  gallon  batches  (figure  12),  followed  by 
degassing  under  vacuum.  The  degassed  resin  mix  was  then,  after  some  further  manual  mix¬ 
ing  (figure  13),  poured  into  the  mold  assembly  whose  surfaces  were  scrupulously  cleaned 
(figures  14,  15,  16)  and  protected  from  dust  by  plastic  sheets.  The  mixing  of  batches  was 
repeated  until  the  mold  was  filled. 

Gellation  of  the  casting  inside  the  mold  assembly  took  place  under  atmospheric 
pressure  and  temperature.  The  length  of  time  required  for  gellation  varied  with  tempera¬ 
ture,  but  as  a  rule  several  hours  were  sufficient. 

Polymerization  of  the  gelled  resin  mixture  took  place  inside  a  horizontal  autoclave. 
The  resin-filled  mold  assembly  was  rolled  into  the  autoclave  on  tracks  extending  from  the 
generaLassembly  area.  The  pressurization  and  heating  schedule  was  the  one  developed  (ref. 
17)  previously  for  this  purpose  by  Polymer  Products  in  phase  I  of  the  study.  Record  was  kept 
of  the  pressures  and  temperatures  during  the  polymerization  process  so  that  any  malfunc¬ 
tion  of  the  autoclave  system  could  be  detected  and  its  effect  on  the  physical  properties  of 
the  castings  noted. 

The  crucial  step  in  the  polymerization  process  was  the  separation  of  the  male  mold 
from  the  already  polymerized  but  still  hot  casting.  The  separation  was  achieved  by  simul¬ 
taneously  applying  air  pressure  to  the  fitting  in  the  bottom  of  the  mold  and  hydraulic 
pressure  to  the  six  hydraulic  jacks  spaced  around  its  circumference.  After  the  mold  had 
been  raised  about  two  inches,  it  was  placed  on  wedges  resting  on  the  rim  of  the  female  mold. 
Upon  completion  of  this  step  the  door  to  the  autoclave  was  closed  again  and  the  gradual 
lowering  of  ambient  temperature  initiated. 

The  lifting  of  the  male  mold  generated  a  small  clearance  between  it  and  the  interior 
surface  of  the  casting.  Because  of  this  clearance,  cooling  of  the  casting  could  take  place 
without  the  generation  of  tensile  hoop  stresses  in  the  rim  of  the  casting.  If  the  casting  had 
been  cooled  to  ambient  atmospheric  temperature  without  prior  release  of  the  male  mold, 
tensile  cracks  would  have  appeared.  Opening  of  the  autoclave  door  and  rolling  out  of  the 
mold  assembly  completed  the  polymerization  process  (figure  17). 

Removal  of  the  casting  from  the  mold  assembly  was  accomplished  in  the  general 
work  area  outside  the  autoclave.  First,  the  male  mold  was  removed  with  a  forklift.  Second, 
the  casting  was  partially  raised  inside  the  female  mold  by  injecting  tap  water  through  the 
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bottom  of  the  mold  into  the  interface  between  mold  and  casting  (figure  18).  Third,  the 
split  strongback  frame  was  clamped  around  the  casting  protruding  from  the  mold,  and  the 
casting  was  lifted  with  the  forklift  from  the  mold  (figure  19). 

Inspection 

After  removal  from  the  mold,  the  casting  was  subjected  to  an  inspection  whose 
objectives  were  to  determine  its  quality.  The  inspection  included  visual  observation,  dimen¬ 
sional  measurement,  and  testing  of  material  specimens  to  determine  their  physical 
properties. 

Visual  observation  was  conducted  utilizing  transmitted  sunlight  as  the  source  of 
illumination.  The  observation  focused  on  the  smoothness  of  the  casting  surfaces,  the  clarity 
of  the  casting,  and  the  size  and  number  of  voids. 

The  concave  and  convex  surfaces  possessed  the  same  surface  roughness  (about  64 
microinches  rms)  as  the  Teflon-coated  metallic  molds,  and  no  further  finishing  was  required 
except  fine  sanding  and  polishing  (figure  20).  Of  the  five  hemispheres  cast,  only  one 
exhibited  surface  irregularities  caused  by  separation  of  the  casting  from  the  mold  during  the 
polymerization  process  (figure  21).  The  surface  irregularity  was  repaired  by  casting  a  thin 
overlay  followed  by  rough  sanding  that  brought  the  finished  surface  to  the  required  thick¬ 
ness  and  sphericity.  One  of  the  castings  exhibited  meridional  cracks.  They  were  caused  by 
failure  of  temperature  control  in  the  autoclave,  resulting  in  sudden  cooling  of  the  casting 
prior  to  removal  of  the  male  mold  (figure  22). 

The  equatorial  edge  of  the  castings  was  in  the  form  of  a  meniscus  with  two-inch 
depth  caused  by  shrinking  of  the  resin  mix  during  the  polymerization  process  (figure  23). 
This  was  as  expected  and  allowed  for  in  the  design  of  the  mold  assembly. 

The  clarity  of  the  casting  was  equivalent  to  that  of  Plexiglas  G  of  similar  thickness. 
After  fine  sanding  and  polishing  of  inner  and  outer  surfaces,  the  casting  was  found  to  satisfy 
the  proposed  ASME  requirement  for  clarity  in  acrylic  plastic  viewports.* 

The  number  of  voids  varied  from  one  casting  to  another.  Some  castings  had  none, 
while  others  had  more  than  ten.  The  voids  were  in  almost  every  case  located  in  the  mid¬ 
plane  of  the  shell  thickness  and  several  inches  below  the  equator.  They  varied  in  shape  but 
as  a  rule  were  elongated,  about  one  inch  diameter  and  two  to  four  inches  long. 

Since  the  presence  of  such  voids  (figure  24)  was  unacceptable  from  the  structural 
and  optical  viewpoints,  small  holes  were  drilled  from  the  equatorial  edge  of  the  casting  and 
the  voids  filled  with  standard  casting  mix.  The  mix  was  subsequently  polymerized  by  plac¬ 
ing  the  casting  back  in  the  autoclave  and  subjecting  it  to  the  required  pressure  and  tempera¬ 
ture  regimen.  Visual  inspection  after  polymerization  showed  a  significant  improvement 
(figure  25).  Before  the  repair,  the  voids  reflected  most  of  the  incident  light;  now  they  trans¬ 
mitted  it  in  a  largely  coherent  manner.  However,  even  though  the  refilled  voids  represented 
an  order-of-magnitude  optical  improvement,  they  still  were  not  deemed  acceptable.  As  a 
result,  they  were  routed  out  completely  and  refilled  again,  utilizing  the  standard  casting  mix 
and  polymerization  process. 


*  Clear  print  of  size  7  lines  per  column  inch  and  J  6  letters  to  the  linear  inch  shall  be  clearly  risible  when  viewed  from  a 
distance  of  20  inches  through  the  thickness  of  the  casting  with  opposite  faces  polished  ( ref.  19,  20).  < 
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The  improvement  achieved  by  the  second  recasting  was  still  more  significant  (figure 
26).  The  repair  could  now  be  detected  only  by  moving  a  printed  newspaper  page  along  one 
surface  while  the  observer  watched  for  minute  distortion  of  the  print  image  at  the  boundary 
of  the  recast  void.  The  credit  for  this  result  was  given  to  routing,  which  created  large  cavi¬ 
ties  with  smooth  vertical  walls  and  large  openings.  The  vertical  walls  prevented  entrapment 
of  gas  bubbles  during  pouring  of  the  casting  mix,  while  the  large  opening  allowed  for 
adequate  degassing  of  the  mix  once  it  was  poured. 

Dimensional  measurements  were  aimed  at  determining  the  actual  wall  thickness  of 
the  castings  at  all  locations.  There  was  little  need  to  check  sphericity,  which  always  closely 
conforms  to  that  of  the  mold.  Since  the  mold  surfaces  were  machined  within  ±0.060  inch  of 
the  specified  radius,  the  sphericity  of  the  castings  was  more  than  adequate  to  meet  U.S. 

Navy  specifications  for  man-rated  spherical  pressure  hulls  of  acrylic  plastic.* 

The  reason  for  checking  wall  thickness  was  that  the  male  mold  might  not  have  been 
aligned  properly  with  the  female  mold.  If  the  alignment  was  not  proper,  the  wall  thickness 
would  vary  from  point  to  point  on  the  hemisphere  even  though  the  sphericity  of  the  sur¬ 
faces  was  within  specification. 

The  wall  thickness  of  the  hemispheres  was  found  to  vary  from  one  location  to 
another,  with  the  largest  deviation  found  at  the  pole.  Thus,  the  minimum  thickness  at  the 
pole  was  found  to  be  4.107  inches,  while  around  the  circumference  at  the  equator  it  varied 
from  4.370  to  4.210  inches.  Since  the  variation  in  thickness  around  the  equator  was  less 
than  the  specified  tolerance  of  0.200  inch,  it  was  considered  to  be  within  the  range  of  per¬ 
missible  thickness  tolerances  imposed  by  machining  tolerances  of  the  molds,  and  thus 
acceptable.  The  variation  in  thickness  between  the  equator  and  the  pole  of  the  hemisphere, 
however,  was  considered  not  to  be  acceptable,  since  it  was  approximately  0.093  inch  below 
the  minimum  specified  thickness  of  4.200  inches. 

To  avoid  this  problem  in  future  hemispherical  castings  produced  in  the  existing  66- 
inch  mold  by  Polymer  Products,  the  elevation  of  the  male  mold  inside  the  female  mold  will 
be  raised  by  0. 1 25  inch.  Thus,  new  castings  will  have  a  thickness  that  does  not  exceed  the 
4.200-to-4.400-inch  range  at  any  location. 

The  physical  properties  of  the  castings  were  determined  by  testing  material  speci¬ 
mens  cut  from  the  poles,  the  future  location  of  metallic  hatches.  Two  specimens  were  used 
per  test  for  each  hemisphere.  The  results  of  the  tests  (summarized  in  table  1 )  were  satisfac¬ 
tory,  and  in  every  case  the  physical  properties  of  the  material  met  or  surpassed  Navy  and 
ASME  specifications  for  acrylic  plastic  in  man-rated  pressure  resistant  structures 
(appendix  A). 


*For  spherical  hulls  with  66-inch  outside  diameter,  the  maximum  permitted  deviation  in  sphericity  is  ±0.165  inch 
(ref.  19.  20). 
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Table  1 .  Properties  of  Acrylic  Plastic  Casting. 


Property 

Specified  value 

Actual  value  (average) 

Ultimate  tensile  strength 

9,000  lb/in-  min 

9,670  lb/in2 

Tensile  elongation  at  fracture 

2  percent  min 

3.85  percent 

Tensile  modulus  of  elasticity 

Test  method:  ASTM  D638 

400,000  lb/in—  min 

497,500  lb/in2 

Compressive  yield  strength 

15,000  lb/in-  min 

16.150  lb/in2 

Compressive  modulus 

Test  method:  ASTM  D695 

400,000  lb/in2  min 

51 5,000  Ib/in2 

Shear  strength 

Test  method:  ASTM  D732 

8,000  lb/in-  min 

9,775  lb/in2 

Ultimate  flexural  strength 

14,000  lb/in2  min 

15.150  lb/in2 

Flexural  modulus 

Test  method:  ASTM  D790 

420,000  lb/in2  min 

490.000  lb/in- 

IZOD  Impact  strength 

Test  method:  ASTM  D256 

0.20  ft-lb/in  min 

0.29  ft-lb/in 

Deformation  under  load  at  4.000  lb/in— 
and  1 22°F 

Test  method:  ASTM  D621 

1.0  percent  max 

0.385  percent 

Rockwell  M  hardness 

Test  method:  Rockwell 

90  min 

105 

Water  absorption  in  24-hour  submersion 
Test  method:  ASTM  D570 

0.25  percent  max 

0.20  percent 

Heat  distortion  temperature 

Test  method:  ASTM  D648 

205°F  min 

216°F 

Refractive  index 

Test  method:  ASTM  D542 

1.48-1.50 

1.491 

Specific  gravity 

Test  method:  ASTM  D792 

1.18-1.20 

1.182 

Coefficient  of  linear  thermal  expansion 

4.3  X  10"5  in/in 

4.6  X  10~5  in/in  °F 

Test  method:  ASTM  D696 

at  80° F 

77-1 05°F  range 
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Table  1.  Continued. 


Property 

Specified  value 

Actual  value  (average) 

Resistance  to  stress 

Test  method:  Table  1  of  ASTM 
Methods 

N.A. 

2,000  lb/in-;  no  visual 
evidence  of  crazing  or 
cracking 

Residual  monomer  (methyl 
methacrylate) 

1.5  percent  max 

0.40  percent 

Test  method:  SPE  Trans.  1962 

ASSEMBLY 


Assembly  of  the  model  2000B  hull  consisted  of  the  machining  and  bonding  together 
of  two  hemispherical  castings,  followed  by  polishing  and  inspection  of  the  completed 
sphere.  The  finished  hull  was  then  fitted  with  aluminum  inserts  that  served  as  hatch  and 
penetration  plate. 

Machining  of  the  hemispherical  castings  was  preceded  by  rough  grinding  of  the 
equatorial  edge  with  a  rotary  file  (figure  27).  After  the  edge  was  ground  to  within  an  inch 
of  its  final  dimension,  the  casting  was  mounted  in  a  vertical  mill  and  the  polar  opening 
machined  (figure  28).  It  was  then  turned  over  in  the  mill  and  the  equatorial  edge  machined 
to  its  final  dimension. 

Bonding  of  the  hemispheres  into  a  single  structural  entity  was  begun  by  placing  one 
hemisphere  on  top  of  the  other  (figure  29).  The  width  of  the  joint  was  controlled  by  plac¬ 
ing  small  acrylic  plastic  spacers  of  1  /4-inch  thickness  between  the  hemispheres.  The  joint 
was  subsequently  covered  with  adhesive  aluminum  foil  tape.  To  facilitate  pouring  of  the 
bonding  mix  into  the  joint  cavity,  three  pouring  spouts  were  plumbed  to  openings  in  the 
tape  covering  provided  for  this  purpose  (figure  30). 

The  bonding  mix  was  prepared  by  combining  the  same  ingredients  that  made  up  the 
basic  casting  mix.  The  mix  was  poured  concurrently  into  the  three  pouring  spouts  around 
the  circumference  of  the  sphere  and  into  a  separate  test  block  joint.  This  block  served  later 
as  a  source  of  specimens  for  determination  of  joint  strength.  As  soon  as  the  mix  gelled,  the 
sphere  assembly  with  the  associated  test  block  was  placed  in  the  autoclave  and  subjected  to 
temperature  and  pressure  until  polymerization  of  the  joint  was  completed  (figure  3 1 ). 

Upon  removal  of  the  assembly  from  the  autoclave,  extensive  voids  were  found  on 
the  inner  surface  of  the  joint  (figure  32).  Careful  examination  of  joint  and  polymerization 
procedure  established  shrinkage  of  the  mix  during  polymerization  to  be  the  cause.  The 
voids  were  not  present  on  the  outer  surface  of  the  joint  because  extra  mix  was  provided  by 
an  outward  bulge  in  the  tape.  This  bulge  was  absent  on  the  inner  surface  of  the  joint, 
resulting  in  the  observed  shrinkage  voids.  Such  voids  will  be  prevented  in  the  future  by 
forming  the  tape  over  the  joint  in  such  a  manner  that  a  bulge  is  present. 

The  voids  in  the  joint  decreased  its  bearing  surface  to  such  a  degree  (about  25  per¬ 
cent)  that  it  became  structurally  unacceptable.  This  problem  was  corrected  by  removing 
the  tape,  rotating  the  sphere  until  the  equatorial  joint  was  in  the  vertical  plane,  and  filling 
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the  voids  with  room-temperature-polymerizing  PS-30  adhesive.  Since  the  adhesive  could  be 
placed  properly  only  in  the  void  at  the  lowest  point  of  the  vertically  oriented  joint,  the 
sphere  had  to  be  rotated  between  fillings. 

The  resulting  joint  was  still  far  from  completely  void  free,  but  the  cross  section  and 
number  of  remaining  voids  were  so  small  that  it  could  be  considered  structurally  acceptable 
(figure  33).  Because  the  room-temperature-polymerized  PS-30  adhesive  was  somewhat 
softer  than  the  high-temperature  and  high-pressure  polymerized  casting  mix,  differential 
compression  of  the  joint  was  expected  when  the  sphere  was  subjected  to  hydrostatic  testing. 

Polishing  of  the  completed  sphere  consisted  of  rough  sanding  of  the  edges  of  the 
joint  followed  by  fine  sanding  and  polishing  of  both  the  internal  and  external  surfaces 
(figure  34).  Inspection  consisted  of  detailed  visual  observation,  dimensional  measurements, 
and  testing  of  bond  samples.  The  objective  of  the  visual  observation  was  to  ascertain  the 
effect  of  the  joint  and  repaired  voids  in  the  castings  on  the  optical  properties  of  the  hull. 

The  dimensional  measurements  were  performed  to  determine  the  conformance  of  the  com¬ 
pleted  sphere  assembly  to  specified  dimensional  tolerances.  The  testing  of  bond  samples 
served  as  quality  control  for  the  bonding  technique  used  for  joining  the  hemispheres. 

The  visual  inspection  showed  that  the  optical  properties  of  the  sphere  were  generally 
more  than  adequate  for  underwater  search,  salvage,  or  work  missions  where  panoramic 
visibility  is  of  paramount  importance.  The  only  areas  that  showed  optical  distortion  were 
the  equatorial  joint  and  the  repaired  voids  in  the  castings  (figure  35),  both  of  which  distorted 
images  at  their  boundaries.  The  distortion  was  not  severe  enough  to  significantly  lower  the 
value  of  the  sphere  as  a  panoramic  observation  capsule.  It  was,  however,  sufficient  to  pre¬ 
clude  photography  through  the  sphere  at  those  locations. 

Dimensional  measurements  (figure  36)  showed  that  the  diameter  and  angle  of  the 
top  and  bottom  polar  openings,  as  well  as  the  outside  diameter  of  the  capsule,  were  within 
specified  tolerances.  The  thickness  of  the  hull  was  found,  however,  to  fall  below  the  mini¬ 
mum  specified  thickness  by  0.093  inch.  As  noted  previously,  the  excessive  variation  in 
thickness  was  caused  by  improper  centering  of  the  male  mold  within  the  female  mold  dur¬ 
ing  casting.  The  result  was  that  the  shell  of  the  capsule  was  thinnest  at  the  edges  of  penetra¬ 
tions,  where  the  stresses  are  highest  during  external  hydrostatic  loading.  Better  alignment 
of  the  male  mold  within  the  female  mold  will  forestall  the  recurrence  of  this  problem. 

Installation  of  polar  inserts  consisted  of  placing  the  top  hatch  and  bottom  penetra¬ 
tion  plate  with  associated  polycarbonate  gaskets  into  their  respective  polar  openings  and 
locking  them  in  place  by  bolting  on  split  retaining  rings.  The  hatch  and  penetration  plate 
assemblies  used  for  testing  the  model  2000B  hull  were  those  used  in  the  previous  model 
2000  hull  test  and  evaluation  program  (figures  37  through  46).  This  meant  that  they  had 
been  previously  pressurized  to  1800  Ib/in-  and  as  a  result  might  have  experienced  some 
local  yielding. 

Only  minor  modification  was  required  to  the  polycarbonate  gasket  even  though  the 
cast  hemispheres  of  the  model  2000B  hull  were  about  0.100  inch  thicker  at  the  polar  open¬ 
ing  than  those  of  the  model  2000  hull.  This  was  feasible,  however,  only  because  the  wall 
thickness  at  the  polar  opening  was  in  the  4.  l-to-4. 2-inch  range  rather  than  the  4.2-to-4.4- 
inch  range  specified.  If  the  wall  thickness  of  the  castings  had  been  within  the  specified 
range,  the  model  2000  polycarbonate  gasket  would  have  had  to  be  replaced  with  a  new  one 
(figure  46).  The  modified  gasket  actually  used  in  the  test  is  shown  in  figure  47. 


HYDROSTATIC  TESTING 


The  objective  of  hydrostatic  testing  was  to  determine  the  strains,  displacements,  and 
failure  mode  of  the  model  2000B  hull  so  that  its  performance  under  pressure  could  be  com¬ 
pared  with  that  of  the  model  2000  hull.  Since  the  polar  inserts  were  the  same  for  both 
hulls,  differences  in  performance  would  be  attributable  only  to  the  physical  properties  of 
the  material  and  the  slight  difference  in  wall  thickness. 

TESTS  AND  INSTRUMENTATION 

Hydrostatic  testing  was  conducted  in  a  90-inch-diameter  pressure  vessel  at  the  South¬ 
west  Research  Institute,  San  Antonio,  Texas  (figure  48)  in  four  discrete  steps,  each  consist¬ 
ing  of  sustained  loading  and  relaxation  phases.  By  making  the  length  of  the  loading  and 
relaxation  phases  equal,  viscoelastic  strains  were  given  an  opportunity  to  return  to  zero 
before  the  material  was  subjected  to  higher  strain  levels.  Prior  to  testing,  the  interior  of  the 
hull  assembly  was  filled  with  water  to  mitigate  the  shock  of  implosion  and  to  provide  a 
means  of  determining  the  rate  of  volumetric  contraction  under  loading.  To  maintain  zero 
atmospheric  pressure  inside  the  sphere,  a  tube  was  connected  to  both  the  top  hatch  and  the 
pressure  vessel  closure.  As  the  acrylic  sphere  contracted,  the  water  was  forced  out  through 
this  tube  and  its  volume  measured  at  the  outlet  with  a  2000  ml  graduate. 

Pressure  Test  1 .  The  model  2000B  assembly  was  pressurized  to  900  lb/in-  at 
100  lb/in-/min  at  room  temperature  and  maintained  at  this  pressure  for  24  hours;  it  was 
then  depressurized  to  0  lb/in—  at  100  lb/in^/min  and  maintained  at  this  pressure  for  24 
hours.  Strains  and  displacements  were  recorded  at  100  lb/in-  intervals  during  pressuriza¬ 
tion  and  at  6  hour  intervals  during  depressurization. 

Pressure  Test  2.  Identical  to  test  1  except  that  the  maximum  pressure  was  1350  lb/ 

in2. 

Pressure  Test  3.  Identical  to  test  1  except  that  the  maximum  pressure  was  1800  lb/ 

in^. 

Pressure  Test  4.  The  assembly  was  pressurized  to  4000  lb/in^  at  50  lb/in^/min  and 
maintained  at  this  pressure  to  implosion.  Strains  were  recorded  until  the  4000-lb/in2 
pressure  was  reached,  and  displacements  were  recorded  to  the  moment  of  implosion. 

Instrumentation  consisted  of  90-degree  biaxial  strain  rosettes  bonded  at  critical  loca¬ 
tions  to  the  acrylic  hull  and  polar  aluminum  inserts  (figures  49  and  50).  The  gage  locations 
chosen  for  the  model  2000B  assembly  were  identical  to  those  chosen  for  the  model  2000 
assembly  tested  previously.  Because  of  this,  direct  comparison  between  strains  on  both 
assemblies  could  be  made. 

The  acrylic  hull  was  instrumented  only  on  the  equator  and  at  the  edges  of  the  polar 
penetrations  Both  locations  were  important;  the  magnitude  of  creep  at  the  equator  would 
give  a  fair  indication  of  viscoelastic  deformation  over  most  of  the  hull,  while  that  at  the  edge 
of  penetrations  would  represent  the  maximum  on  the  hull. 
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The  aluminum  inserts  were  instrumented  only  at  locations  that  previous  tests  on  the 
model  2000  hull  had  shown  to  be  areas  of  high  stress.  Strains  measured  at  these  locations 
would  indicate  the  onset  of  yielding  as  the  model  2000B  hull  was  pressurized  to  implosion. 

STRAIN  RESULTS 

Strains  measured  on  the  model  2000B  assembly,  as  expected,  varied  widely  from 
one  location  to  another,  but  in  all  cases  they  were  very  active  (figures  5 1  through  62  and 
appendix  B).  In  the  hull  itself  the  highest  strains  were  recorded  on  the  interior  surface  at 
the  edges  of  polar  openings.  The  maximum  strain  was  in  the  longitudinal  direction,  and  its 
magnitude  was  approximately  50  percent  larger  than  that  of  strains  measured  on  the  interior 
surface  at  the  equator. 

During  short  term  loading,  the  maximum  strains  at  the  polar  openings  were  found  to 
increase  linearly  with  external  hydrostatic  pressure  to  about  1350  lb/in— ;  at  higher  pressures 
the  strains  increased  faster  than  the  external  pressure.  Their  magnitudes  were  measured  to 
be  4500.  9250,  14600,  and  20300  microinches/inch  at  450,  900,  1350,  and  1800  lb/in- 
respectively.  However,  on  the  interior  surface  at  the  equator  the  maximum  strains  (hoop 
orientation)  were  only  2825.  5800,  9050,  12250.  and  32500  microinches/inch  at  150,  900, 
1350,  1800,  and  4000  lb/in^  respectively. 

During  long  term  loadings  of  24-hour  duration  there  took  place  some  viscoelastic 
creep  whose  magnitude  varied  with  the  location  on  the  hull.  On  the  interior  surface  at  the 
equator,  viscoelastic  creep  was  approximately  1 5  percent  of  the  short  term  strain  at  900  and 
1350  lb/in-,  while  at  1800  lb/in-  it  increased  to  about  25  percent  of  the  short  term  strain. 
At  the  polar  penetrations,  the  magnitude  was  larger  than  at  the  equator,  but  in  terms  of 
short  term  strain  the  percentage  was  about  the  same.  At  the  conclusion  of  the  24-hour 
sustained  pressure  loadings  strains  returned  almost  to  zero.  The  difference  between  strain 
readings  at  the  conclusion  of  relaxation  and  zero  can  be  attributed  to  permanent  deforma¬ 
tion  and  errors  in  the  strain  recording  system.  Since  the  magnitude  of  permanent  residual 
strains  did  not  increase  with  the  magnitude  of  sustained  pressure,  it  can  be  postulated  that 
the  magnitude  of  residual  strains  measured  on  the  sphere  at  900,  1350,  and  1800  lb/in-  is 
not  only  a  function  of  pressure  but  also  of  other  unknown  test  variables.  It  is  also  inter¬ 
esting  to  note  that  the  longitudinal  strain  measured  on  the  equatorial  bond  was  significantly 
higher  than  near  the  joint.  The  difference  in  readings  indicates  that  the  adhesive  used  in  the 
bond  had  a  lower  modulus  of  elasticity  and  probably  a  lower  compressive  yield  point  than 
the  hull  material. 

When  the  model  2000B  assembly  was  tested  to  destruction,  the  magnitude  of  com¬ 
pressive  strains  measured  on  the  interior  at  the  equator  was  approximately  32500  micro¬ 
inches/inch.  Since  strain  readings  were  not  taken  after  the  4000-lb/in 2  pressure  loading  was 
reached,  the  magnitude  of  creep  that  took  place  during  this  test  is  not  exactly  known.  How¬ 
ever,  by  converting  the  change  in  displaced  volume  to  strains  on  the  acrylic  hull,  it  is 
possible  to  calculate  the  average  strains  near  the  equator  on  the  interior  surface  of  the  hull 
at  the  moment  of  failure.  The  magnitude  of  strain  calculated  in  such  a  manner  is  44500 
microinches/inch. 

The  strains  measured  on  the  aluminum  inserts  (hatch  and  penetration  plate)  were 
similar  to  those  measured  when  the  inserts  were  tested  as  part  of  the  model  2000  assembly, 
indicating  that  no  yielding  had  taken  place  during  the  previous  testing  to  1800  lb/in-. 
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Even  when  the  model  2000B  assembly  was  pressurized  to  4000  Ib/in- ,  very  little  yielding 
was  noted,  though  compressive  strains  in  excess  of  3000  microinches/inch  were  measured 
on  the  interior  of  the  top  hatch.  When  the  maximum  strain  measured  on  the  top  hatch  was 
converted  to  stress,  it  was  found  that  it  amounted  to  39,423  lb/in—. 

DISPLACEMENT  RESULTS 

Displacement  of  water  from  the  interior  of  the  model  2000B  assembly  increased 
under  load.  The  relationship  between  external  pressure  applied  at  50  Ib/in  ~/min  and  the 
volume  of  displaced  water  was  linear  to  about  1350  lb/in-  (figure  63).  At  higher  pressures 
the  relationship  became  markedly  nonlinear,  with  the  volume  of  displaced  water  increasing 
at  a  higher  rate  than  the  external  pressure. 

Under  sustained  loading,  the  displacement  increased  further  than  under  short-term 
pressurization.  The  volume  of  displaced  water  under  long-term  loading  was  a  function  of 
both  pressure  and  time.  For  the  three  nondestructive  sustained  pressure  loadings  of  24-hour 
duration  at  900,  1 350,  and  1 800  lb/in—  the  total  volume  of  displaced  water  was  1 .8,  3.0, 
and  4.2  percent,  respectively,  of  the  original  volume.  At  the  termination  of  each  sustained 
loading  test,  the  sphere  returned  to  its  original  dimensions  after  the  24-hour  relaxation 
period  at  0  lb/in-.  The  only  sustained  loading  test  that  culminated  in  failure  of  the  assem¬ 
bly  took  place  at  4000  Ib/in—.  The  total  volume  of  displaced  water  due  to  contraction  of 
the  sphere  prior  to  failure  was  13.5  percent  of  the  original  volume. 

FAILURE  MODE 

The  model  2000B  assembly  imploded  by  general  plastic  instability  after  being  sub¬ 
jected  to  an  external  hydrostatic  pressure  of  4000  Ib/in—  for  13  minutes.  Because  of  unfore¬ 
seen  mechanical  problems  with  pumps,  the  average  pressurization  rate  was  50  lb/in-/min 
instead  of  the  100  lb/in-/min  specified. 

The  acrylic  hull  was  fragmented  into  many  irregularly  shaped  pieces  whose  size,  as  a 
rule,  did  not  exceed  three  feet  in  length  or  width  (figures  64  and  65).  There  was  no  indica¬ 
tion  that  the  bonded  joint  constituted  a  plane  of  weakness.  As  a  matter  of  fact,  most 
cleavage  planes  crossed  the  bonded  joint  at  right  angles  rather  than  following  it. 

No  crazing  or  radial  cracks  were  found  in  the  acrylic  surfaces  bearing  against  the 
polycarbonate  gaskets  (figure  66).  This  constitutes  a  significant  improvement  over  the 
model  600  and  1000  hulls,  which  did  not  utilize  polycarbonate  gaskets  and  therefore 
exhibited  many  radial  cracks  after  being  tested  to  implosion. 

The  polycarbonate  gasket  for  the  penetration  plate  was  found  to  be  full  of  small 
cracks  but  intact,  while  the  one  for  the  hatch  was  fragmented  into  small  pieces  (figures  67 
and  68).  The  high  bearing  stresses  between  the  gasket  and  the  aluminum  inserts  made  the 
polycarbonate  flow  into  the  O-ring  grooves  on  the  outer  circumference  of  the  hatch  ring 
and  penetration  plate  (figure  69). 

The  aluminum  inserts  survived  the  implosion  without  any  visible  deformation  (fig¬ 
ures  70  and  71).  This  was  significantly  different  from  the  results  obtained  for  the  model 
600,  assembly  numbers  0  and  3,  where  the  hatches  buckled  plastically  at  a  pressure  lower 
than  the  implosion  pressure  of  the  hull. 
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EVALUATION  OF  TEST  RESULTS 


The  above  test  results  show  that  the  performance  of  the  model  2000B  assembly  is 
comparable  to  that  of  the  model  2000  assembly  in  distribution  and  magnitude  of  strains  as 
well  as  in  implosion  depth.  The  basic  difference  is  in  the  magnitude  of  permanent  strains  in 
the  hull  after  sustained  24-hour  pressure  loadings.  While  in  the  model  2000  assembly  the 
permanent  strains  were  on  the  order  of  50  to  100  microinches/inch,  in  the  model  2000B 
they  were  about  200  to  1000  microinches/inch.  Although  some  fraction  of  the  permanent 
strains  can  be  discounted  as  experimental  error,  it  is  impossible  to  discount  them  completely 
in  this  manner.  In  view  of  this,  it  appears  that  the  model  2000B  should  be  certified  to  a 
lesser  depth  than  3000  feet,  the  maximum  operational  depth  of  the  model  2000.  In  order 
to  arrive  rationally  at  a  safe  maximum  operational  depth,  however,  it  is  necessary  to  review 
the  pertinent  design,  fabrication,  material,  and  test  results  involved  in  the  evaluation  of  the 
model  2000B  assembly. 

The  design  of  the  model  2000B  is  identical  to  that  of  the  model  2000  except  for  the 
location  of  bonded  joints  and  hull  thickness.  While  on  the  latter  there  is  a  multitude  of 
bonded  joints  between  the  1 2  spherical  pentagons,  on  the  former  there  is  only  a  single 
bonded  equatorial  joint.  The  model  2000B  hull  is  also  thicker,  4.210  inches  minimum 
thickness  versus  4.050  inches  for  the  model  2000. 

Since  both  the  single  equatorial  joint  and  additional  hull  thickness  represent  struc¬ 
tural  advantages,  the  total  effect  of  design  on  the  operational  depth  of  the  model  2000B  is 
beneficial.  If  the  acrylic  castings  of  the  model  2000B  had  the  properties  of  Plexiglas  G, 
from  which  the  hull  of  the  model  2000  was  fabricated,  the  maximum  operational  depth 
could  be  increased  by  four  percent  to  3120  feet. 

Although  the  fabrication  techniques  for  the  model  2000  and  2000B  differ,  the 
sphericity  tolerances  for  the  finished  acrylic  hull  are  the  same.  It  can  thus  be  postulated 
that  the  difference  in  fabrication  technique  would  neither  increase  nor  decrease  the  poten¬ 
tial  maximum  operational  depth  capability  of  31 20  feet. 

Although  the  materials  used  in  constructing  the  model  2000  and  2000B  possess 
physical  properties  that  meet  Navy  specifications  for  acrylic  plastics  used  in  manned  sys¬ 
tems,  there  is  a  significant  difference  between  their  compressive  yield  strengths.  Where,  for 
example,  the  average  compressive  yield  strength  of  the  acrylic  plastic  pentagons  used  in  the 
model  2000  was  18,416  lb/in^,  the  hemispherical  castings  used  in  the  model  2000B  were 
found  to  have  an  average  compressive  strength  of  only  16,300  lb/in-.  The  1 1.5  percent 
lower  yield  strength  of  the  hemispherical  castings  should  decrease  the  potential  maximum 
operational  depth  capability  from  3120  to  2761  feet. 

The  compressive  creep  (time  dependent  strain  under  sustained  constant  loading) 
measured  on  the  model  2000B  was  found  to  be  approximately  equal  to  that  measured  on 
the  model  2000.  For  example,  the  values  measured  on  the  interior  surface  of  the  hull  at  the 
equator  in  the  hoop  direction  were  found  to  be  900,  1350,  and  3000  microinches/inch  for 
the  model  2000B  at  900,  1350  and  1800  lb/in  —  sustained  loadings  of  24-hour  duration. 

This  is  approximately  equal  to  the  values  of  500,  1 850,  and  3 1 00  microinches/inch  measured 
on  the  model  2000.  Because  the  magnitude  of  the  creep  was  approximately  equal  in  both 
assemblies,  it  would  appear  that  in  this  respect  the  maximum  operational  depth  of  the 
model  2000B  assembly  should  be  the  same  as  that  of  the  model  2000,  that  is  3000  feet. 
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Permanent  deformation  of  the  model  2000B  was  significantly  higher  than  that  of 
the  model  2000  after  identical  sustained  pressure  loadings.  For  the  former  the  deformations 
measured  after  24  hours  of  sustained  pressure  loadings  of  900,  1350,  and  1800  lb/in-  were 
-950,  -700,  +75  microinches/inch  respectively.  In  contrast,  the  model  2000  showed  a 
permanent  deformation  of  only  -100,  -50,  -150  microinches/inch  after  sustained  pressure 
loadings  of  900,  1350,  and  1800  lb/in-.  Since  there  is  no  known  well  defined  relationship 
between  the  magnitude  of  permanent  deformation  at  the  equator  after  several  tests  at 
different  pressures  and  the  fatigue  life  of  the  acrylic  bearing  surface  at  the  polar  penetration, 
the  maximum  operational  depth  of  the  model  2000B  cannot  be  established  on  the  basis  of 
this  data  at  some  lesser  depth  than  that  of  the  model  2000  assembly.  Instead,  only  an 
indirect  approach  can  be  used  here,  influenced  to  a  large  degree  by  other  data  not  generated 
in  the  test  program  for  the  model  2000B  hull. 

The  basic  assumption  underlying  the  indirect  approach  to  the  problem  of  permanent 
deformation  is  that  the  maximum  operational  depth  of  the  model  2000B  should  be  substan¬ 
tially  less  than  that  of  the  model  2000  until  cyclic  fatigue  data  is  experimentally  generated 
by  tests  of  model  2000B  scale  models  similar  to  those  conducted  during  evaluation  of  the 
model  2000  pressure  hull  assembly.  When  such  data  is  generated  at  some  future  time,  it 
will  be  possible  to  establish  with  confidence  the  maximum  operational  depth  at  which  fatigue 
cracks  appear  in  the  acrylic  bearing  surface  at  the  polar  penetrations  after  1000  standard 
dives  ( four  hours  at  maximum  operational  depth  followed  by  four  hours  of  relaxation). 

Until  such  cyclic  fatigue  data  is  generated,  the  maximum  operational  depth  will  of  necessity 
be  based  on  the  cyclic  pressure  tests  performed  previously  on  cast  acrylic  hemispheres  with 
a  thickness-to-inside-radius  (t/Rj)  ratio  of  0.8.  Extrapolating  the  safe  operational  cyclic 
pressure  of  approximately  6100  lb/in~  for  hemispheres  with  t/Rj  =  0.8  to  t/Rj  =  0.147  for 
the  model  2000B,  one  arrives  at  a  predicted  safe  cyclic  pressure  of  approximately  1 120  lb/ 
in-  (equivalent  to  an  operational  depth  of  2500  feet).  Since  extrapolating  data  from  high 
to  low  t/Rj  ratios  is  inherently  conservative,  the  extrapolated  cyclic  fatigue  depth  for  the 
model  2000B  can  be  used  without  reservations  until  it  can  be  increased  on  the  basis  of  more 
complete  cyclic  fatigue  tests. 

The  implosion  pressure  of  the  model  2000B  system  was  found  to  be  approximately 
the  same  as  that  of  the  model  2000  assembly.  The  comparison  of  implosion  pressures  could 
not  be  made  directly  as  the  model  2000B  and  2000  assemblies  tested  to  destruction  were 
not  of  the  same  size,  the  former  being  a  full-scale  prototype  and  the  latter  a  1 :4.4  scale 
model.  Implosion  of  the  model  2000  scale  model  took  place  after  23  minutes  at  4000  lb/in-, 
while  that  of  the  model  2000B  full-scale  assembly  after  only  13  minutes  (figures  72).  Since 
the  hull  thickness  of  the  scale  model  was  approximately  10  percent  greater  than  specified, 
the  projected  time  to  implosion  for  the  full-scale  model  2000  is  probably  only  about  15 
minutes.  In  such  a  case  there  appears  to  be  no  significant  difference  between  the  model 
2000B  and  2000  in  resisting  external  hydrostatic  pressure  under  sustained  long-term  loading. 
In  effect,  then,  the  static  fatigue  of  the  model  2000B  is  comparable  to  that  of  the  model 
2000  and  cannot  be  used  as  a  factor  for  increasing  or  decreasing  the  maximum  operational 
depth. 

This  discussion  of  the  physical  parameters  and  test  results  pertaining  to  the  structural 
response  of  the  model  2000B  shows  that,  while  in  comparison  to  the  model  2000  the  hull  is 
four  percent  thicker,  has  stronger  bonded  joints,  and  has  approximately  the  same  time- 
dependent  strains,  the  residual  strains  observed  at  the  conclusion  of  simulated  dives  are 
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significantly  higher.  In  the  absence  of  cyclic  fatigue  data  for  the  model  2000B  assembly  at 
this  time,  the  conservative  approach  is  to  consider  the  large  residual  strains  as  adequate 
reason  for  assigning  the  assembly  temporarily  an  operational  depth  that  is  less  than  3000 
feet. 

The  temporary  operational  depth  of  2500  feet  (1120  lb/in-)  assigned  to  the  model 
2000B  is  based  on  previously  generated  cyclic  fatigue  data  for  spherical  sector  windows  cast 
by  Polymer  Products,  Inc,  utilizing  the  same  resin  mix  and  polymerization  process  as  used 
in  production  of  the  model  2000B.  If  at  some  future  time  cyclic  pressure  testing  of  the 
model  2000B  assembly  establishes  its  ability  to  withstand  1000  simulated  dives  to  3000  feet 
without  generation  of  cracks  in  the  hull  at  the  polar  openings,  the  current  operational  depth 
limit  of  2500  feet  will  be  raised  to  3000  feet. 


FINDINGS  AND  CONCLUSIONS 

The  following  are  the  specific  findings  of  this  study: 

1 .  It  is  technically  feasible  to  fabricate  spherical  pressure  hulls  of  any  size  by  bond¬ 
ing  together  acrylic  plastic  hemispheres  precision  cast  in  metallic  mold  assemblies  composed 
of  a  male  and  a  female  component. 

2.  Precision  cast  hemispheres  do  not  require  any  subsequent  machining  of 
spherical  surfaces  in  order  to  satisfy  Navy  specified  tolerances  for  sphericity  and  thickness. 

3.  The  physical  properties  of  the  acrylic  plastic  castings  produced  by  Polymer 
Products  satisfy  Navy  and  ASME  specifications  for  acrylic  plastic  used  in  man-rated  external 
or  internal  pressure  vessels. 

4.  Bonding  with  the  same  resin  mix  that  was  used  in  casting  the  hemispheres  pro¬ 
duces  joints  with  a  tensile  strength  in  excess  of  9000  lb/in^. 

5.  Voids  in  the  acrylic  plastic  hemispheres  can  be  successfully  recast  by  filling  them 
with  standard  casting  resin  mix  and  subjecting  the  hemisphere  to  the  polymerization  process 
for  a  second  time. 

6.  The  repaired  hemisphere  is  structurally  as  strong  under  external  hydrostatic 
loading  as  a  hemisphere  without  recast  voids. 

7.  The  repaired  voids  are  optically  objectionable  if  located  in  the  crew’s  main  field 

of  vision. 

8.  The  model  2000B  assembly,  fabricated  by  bonding  two  precision  cast  acrylic 
plastic  hemispheres  with  66.5-inch  outside  diameter  and  57.85-inch  inside  diameter,  success¬ 
fully  withstood  24-hour  simulated  dives  to  2000,  3000,  and  4000  feet. 

9.  The  model  2000B  assembly  imploded  after  13  minutes  of  sustained  loading  at  a 
simulated  9000-foot  depth. 

10.  The  aluminum  polar  inserts  (hatch  and  penetration  plate)  withstood  the  simu¬ 
lated  9000-foot  depth  without  losing  their  structural  integrity. 
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On  the  basis  of  these  findings  it  is  concluded  that  the  model  2000B  assembly  meets 
the  applicable  certification  criteria  for  manned  service.  The  maximum  recommended  safe 
operat'  mal  depth  of  2500  feet  is  based  on  a  conservative  interpretation  of  existing  cyclic 
fatigu  iata  for  the  acrylic  plastic  material  used  in  the  tested  prototype. 


OPERATIONAL  RECOMMENDATIONS 

The  following  operational  recommendations  are  based  on  the  conservative  interpre¬ 
tation  of  limited  cyclic  fatigue  data.  Thus  the  maximum  operational  depth  and  number  of 
crack-free  cycles  at  that  depth,  as  well  as  the  duration  of  individual  cycles,  are  to  be  con¬ 
sidered  as  temporary  minimums,  to  be  increased  later  when  more  definitive  cyclic  fatigue 
data  is  generated. 

1.  The  model  2000B  assembly  during  its  operational  life  should  never  be  subjected 
to  depths  greater  than  2500  feet.  The  proof  test  should  preferably  utilize  a  test  depth  of 
less  than  or  equal  to  3000  feet.  Under  no  conditions  should  the  proof  test  depth  exceed 
3000  feet. 

2.  The  cyclic  crack-free  fatigue  life  of  the  model  2000B  assembly  is  considered  to 
be  in  excess  of  10,000,000  foot-hours  (1000  cycles  X  2500-foot  depth  X  4  hours  duty).  At 
the  conclusion  of  each  dive,  the  recorded  foot-hours  should  be  subtracted  from  the  initial 
10,000,000  foot-hour  fatigue  life.  When  the  sum  of  foot-hour  subtotals  generated  by  dives 
equals  10,000,000,  inserts  and  gaskets  should  be  removed  from  the  capsule  and  the  entire 
hull  subjected  to  a  detailed  visual  examination.  If  no  cracks  are  observed  at  the  polar 
penetrations,  the  assembly  should  be  strain-gaged,  reassembled,  proof-tested  to  the  required 
depth,  and  recorded  strains  at  the  equator  and  penetrations  compared  to  those  generated 
during  the  first  proof  test  conducted  immediately  after  fabrication.  Significant  differences 
in  strain  behavior  will  be  considered  indicators  of  hull  deterioration  and  should  result  in  a 
significantly  reduced  depth  rating.  Cracks  in  the  bonded  joint  originating  at  inclusions  will 
be  repaired  if  their  length  exceeds  0.5  inch.  Severely  cracked  polycarbonate  gaskets  will  be 
replaced  with  new  gaskets. 

If  no  significant  difference  in  strain  behavior  is  observed,  the  capsule  assembly  will 
be  returned  to  service  with  a  2500-foot  operational  depth  rating  and  an  additional 
10,000,000-foot-hour  fatigue  life.  When  the  second  10,000,000-foot-hour  life  has  been 
completed,  the  assembly  will  be  subjected  to  the  same  inspection  and  proof-testing  proce¬ 
dures  conducted  at  the  conclusion  of  the  first  10,000,000-foot-hour  period.  If  the  results 
of  the  new  inspection  and  proof-testing  are  satisfactory,  the  capsule  will  again  return  to  serv¬ 
ice  with  a  2500-foot  depth  rating  and  additional  10,000,000-foot-hour  life. 

The  recertification  process  will  be  repeated  until  cracks  are  observed  in  the  bearing 
surfaces  of  the  acrylic  hull  during  one  of  the  inspections  or  the  strains  change  significantly. 

If  cracks  are  observed,  they  will  either  be  repaired  by  routing  and  recasting  with  resin  prior 
to  retesting  of  the  hull,  or  they  will  be  left  in  place  and  the  hull’s  depth  rating  reduced  to 
600  feet. 
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Subsequently,  the  hull  will  be  inspected  without  disassembly  for  signs  of  crack 
propagation  every  100  dives.  When  the  depth  of  any  crack  exceeds  one  inch,  the  capsule 
will  be  taken  out  of  service  immediately  and  the  cracks  repaired  either  by  enlarging  the 
polar  opening  or  by  recasting  the  cracked  areas.  If  not  repaired,  such  a  hull  can  be  recerti¬ 
fied  for  service  to  120  feet.  If,  during  periodic  inspections  conducted  every  100  dives,  the 
depth  of  the  crack  at  the  penetration  is  found  to  exceed  two  inches,  the  acrylic  hull  will 
either  be  repaired  or  declared  unfit  for  manned  operation  at  any  depth. 

3.  For  applications  where  the  presence  of  a  bonded  joint  in  the  visual  field  of  the 
crew  is  objectionable,  the  pair  of  polar  penetrations  should  be  moved  from  their  present 
location  to  a  new  location,  preferably  close  to  the  circumferential  joint. 

4.  Attempts  should  be  made  to  ensure  that  operators  are  seated  inside  the  hull  as 
close  as  possible  to  the  center  of  the  sphere  in  order  to  minimize  optical  distortion  (ref.  21). 
Camera  mountings  should  be  located  at  the  center  of  the  hull  if  wide  angle  panning  is  to  be 
performed. 

5.  Many  functions  of  equipment  mounted  outside  the  pressure  hull  can  be  con¬ 
trolled  by  modulated  light  beams  projected  from  the  interior  of  the  hull  by  the  crew  (ref. 
22).  This  type  of  arrangement  will  eliminate  the  need  for  electrical  connections  through  the 
penetration  plate  and  make  the  control  of  externally  stored  scientific  equipment  an  opera¬ 
tionally  easy  matter. 
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PLAN  VIEW 


Figure  1.  Two  approaches  to  the  fabrication  of  spherical  acrylic  plastic  hulls, 
(a)  Assembly  of  twelve  spherical  pentagonal  shell  sections,  (b)  Assembly  of 
two  hemispherical  shell  sections. 
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(b) 


Figure  6.  Female  mold,  (a)  Ready  for  machining,  note  external  longitudinal 
and  circumferential  stiffeners,  (b)  During  machining. 
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F  igure  7.  Completed  mold  assembly  with  hydraulic  jacks  and  wheels  in  place. 
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Figure  8.  Method  of  separating  molds  from  casting,  (a)  Separation  of  male  mold  with 
compressed  air  and  hydraulic  jacks,  (b)  Separation  of  female  mold  with  compressed 
water. 
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Figure  9.  Cart  for  transporting  mold  assembly  into  autoclave. 


Figure  10.  Circular  strongback  for  lifting  casting  from  mold. 
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Figure  13.  Stirring  casting  mix  batch  to  the  verge  of  gelling. 


Figure  14.  Cleaning  of  female  mold. 
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Figure  17.  Mold  assembly  leaving  autoclave  after  polymerization  of  casting,  note  hydraulic  pump  for 
applying  pressure  to  hydraulic  jacks  and  wooden  blocks  for  keeping  raised  male  mold  from  resting 
on  casting. 


Figure  18.  Casting  floating  on  water  injected  into  female  mold. 
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Figure  22.  Meridional  crack  on  casting  subjected  to  interrupted  polymerization  cycle 
(temperature  lowered  to  room  temperature  without  removing  male  mold). 
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Figure  24.  Typical  voids  in  castings. 
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Figure  25.  Typical  voids  after  first  repair,  note  numerous  small  voids. 
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Figure  26.  Typical  voids  after  second  repair 
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Figure  27.  Grinding  equatorial  edge  of  casting  before  machining. 


Figure  28.  Casting  after  machining  of  polar  opening. 
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Figure  33.  Equatorial  joint  after  repair  with  roonwemperature-polymerizing  PS-30  adhesive. 


Figure  34.  Completed  acrylic  plastic  sphere  ready  for  inspection. 
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polar  opening 
23.775  +  0.025  in.  dia. 


polar  opening 
21.685  +  0.025  in.  dia. 


polar  opening 


4.370 

4.210 


21 .671  in.  dia. 

5  of  assembled  sphere,  (a)  Specified  dimensions,  (b)  Actual  dimensions. 
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Figure  39.  Hatch  lock  assembly. 
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Figure  40.  Penetration  plate  and  retainer  ring. 


Hatch  ring. 
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h  and  locking  mechanism. 
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Figure  43.  Stationary  hinges  and  hinge  plate 
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Figure  44.  Hatch  hinge  and  hinge  components. 


Figure  46.  Inserts,  retainer  pads,  and  lifting  eye 


(b) 


Figure  47.  Polycarbonate  gasket,  (a)  Before  modification,  (b)  After  modification. 
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Figure  48.  Placing  the  model  20006  assembly  in  the  90-inch-diameter  pressure 
vessel  at  Southwest  Research  Institute. 


Figure  49.  Model  2000B  assembly  instrumented  with  electrical  resistance 
strain  gages  and  water  displacement  measurement  tubing. 
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Figure  50.  Location  of  electrical  resistance  strain  gages  on  model  2000B  assembly. 
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SUSTAINED  LOADING - -4- - RELAXATION 


Figure  52.  Longitudinal  strain  on  outside  surface  of  hull  at  equatorial  joint  (gage  location  4). 
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16,000 
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joint  (gage  location  4). 


SUSTAINED  LOADING - H-  RELAXATION 
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SUSTAINED  LOADING  RELAXATION 


Figure  57.  Longitudinal  strain  on  inside  surface  of  hull  at  equatorial  joint  (gage  location  4) 
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(gage  location  3). 


16,000 


(gage  location  3). 


SUSTAINED  LOADING - ►U - RELAXATION 


(gage  location  1). 


SUSTAINED  LOADING 
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DISPLACEMENT,  percent 

Figure  63.  Displacement  as  a  function  of  time  and  pressure. 
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Figure  64.  Model  2000B  hull  assembly  after  implosion. 


Figure  65.  Fragments  of  imploded  hull  assembly. 
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APPENDIX  A 

PHYSICAL  PROPERTIES  OF  TEST  SPECIMENS 

This  appendix  presents  data  from  the  material  tests  described  in  the  Casting  and 
Inspection  section  of  the  report. 
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IDENTIFICATION :  Acylic  Material 


COMPRESSIVE  YIELD  STRENGTH  AND  MODULUS 
1'ested  as  Received  at  Room  Temperature 
Rate  of  Test:  0.0b  Inch/Minute 


TEST  METHOD:  ASTM  D695 


SPECIMEN 

WIDTH 

Inches 

THICKNESS 

INCHES 

YIELD  LOAD 
POUNDS 

H. 

1 

2 

0.492 

0.493 

0.490 

0.491 

3,960 

3,770 

AVERAGE: 

B 

1 

2 

0.504 

0.505 

o  c 

VJ1  vji 

O  O 
-t*  -> 

4,160 

4,110 

AVERAGE: 

REQUIREMENT: 

COMPRESSIVE 

YIELD  STRENGTH  COMPRESSIVE  MODULUS 


PSl 

PSI  x  i6t> 

16,400 

5.3 

15,600 

5.1 

16,000 

5.2 

16,500 

5.1 

16,100 

5.0 

16,300 

5.1 

15,000 

4.0 
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■TENSILE  STRENGH.  MODULUS  AIMD  ELONGATION 
Tested  at  Room  temperature 
Rate  of  Test:  0*05  Inch/Minute 


TEST  METHOD:  ASTM  D636 


TENSILE 

TENSILE 

TENSILE 

SPECIMEN 

THICKNESS 

WIDTH 

MAXIMUM  LOAD 

MODULUS c 

STRENGTH 

ELONGATION 

BiflffiS" 

INCHES 

- EOTNE3 - 

psl  x  Id5 

ESI - 

f> 

A 

1 

0.236 

0.483 

1,142 

5.1 

10,020 

4.1 

2 

0.242 

0.483 

1,125 

4.9 

9,620 

3.5 

AVERAGE: 

5.0 

9,820 

3.8 

B 

1 

0.241 

0.482 

1,113 

4.9 

9,580 

4.1 

2 

0.236 

0.475 

1,060 

5.0 

9,460 

3.6 

AVERAGE: 

4,6 

9,520 

3.9 

REQUIREMENT : 

4.0  Min 

.  9,000  Min 

.  2.0  Min 

SHEAR  STRENGTH 

Tested  as  Received  at  Room  Temperature 
Rate  of  Test:  0.05  Inch/Minute 
Punch  Diameter:  1.000  Inches 


TEST  METHOD: 

ASTM  D732 

SPECIMEN 

THICKNESS 

MAXIMUM  LOAD 

SHEAR  STRENGTH 

INCHES'’ 

POUNDS 

—  ~ 

A 

1 

0.230 

7,100 

9,830 

2 

0.225 

6,780 

9,590 

AVERAGE: 

9.710 

1 

0.204 

6,180 

9,640 

2 

0.219 

6,900 

1,030 

AVERAGE: 

9,840 

REQUIREMENT : 

8,000  min. 
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DEFORMATION  UNDER  LOAD 
Tested  at  24  Hours  at  122°F  +  20°F 


TEST  METHOD:  ASTM  D621 


SPECIMEN 

THICKNESS 

WIDTH 

LENGTH 

APPLIED  LOAD 

DEFORMATION 

ITOHES” 

InchE§ 

InchES 

MJN65  ““ 

% 

A 

1 

0.500 

0.502 

0.499 

1  ,000 

0.38 

2 

0.505 

0.495 

0.496 

1 ,000 

0.40 

AVERAGE: 

0.39 

B 

1 

0.501 

0.500 

0.492 

1 ,000 

0.39 

2 

0.500 

0.500 

0.494 

1  ,000 

0.38 

AVERAGE: 

0.38 

REQUIREMENTS:  1.0  Max. 


SPECIFIC  GRAVITY 

Tested  as  Received  at  Room  Temperature 


TEST  METHOD:  ASTM  D792 
SPECIMEN  INITIAL  WEIGHT 

-  - mm — 

A 

1  10.3149 


APPARENT 
WEIGHT  LOSS 
GRAMS 

8.7247 

REQUIREMENT: 


SPECIFIC  GRAVITY 
23/23o£ 

1.182 

1.18  -  1.20 
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*4 


245-1517 

245-4551 


COEFFICIENT  OF  LINEAR  THERMAL  EXPANSION 


TEST  METHOD:  ASTM  D696 

SPECIMEN 

TEMPERATURE  RANGE 

COEFFICIENT  OF  LINEAR 
THERMAL  EXPANSION 

INCHES/INCH  WF 

A 

-25  to  +77 

3.4  x  10i 

1 

77  to  105 

4.6  x  10-3 

REQUIREMENT: 

80  °F 

4.3  x  10-5 

ROCKWELL  "M"  HARDNESS 
Tested  as  Received  at  Room  'temperature 
A 

104 

105 
105 
105 
105 

AVERAGE:  105 

REQUIREMENT:  90 

WATER  ABSORBTION 

Tested  at  Room  Temperature  in  distilled  Water  for  24  Hours 


TEST  METHOD:  ASTM  D570 

SPECIMEN  INITIAL  WEIGHT  WEIGHT  GAIN 

-  — mss -  — mss — 


WATER  ABSORBTION 

- % - 


A 


10,3149 


0.021  0.20 

REQUIREMENT:  0.25  Max. 
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TEST  METHOD:  ASTI*  D648 


HEAT  DISTORTION  TEMPERATURE 
Span:  4  inches  — '  * 


SPECIMEN 


THICKNES 


WIDTH 


APPLIED  LOAD 


HEAT  DISTORTION 


SPECIMEN 

WIDTH 

THICKNESS 

LOAD 

STRESS 

InGHES"" 

LBS  • 

TST 

A 

1 

1 .010 

0.232 

4.53 

2,000 

Result:  There  was  no  visual  evidence  of  crazing,  cracking,  or  other 
chemical  degradation. 

Mote:  Applied  Fiber  Stress  of  2,000  PSI. 
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REFRACTIVE  INDEX 

TEST  METHOD:  AS  I'M  D542 

Refractive  Index  was  taken  on  sample  A, 
per  the  above  test  method  and  was  found  to 
be  1.491. 


RESIDUAL  MONOMER 

Sample  Af  methyl  methacrylate  monomer 
0 .40  +  0.005 
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APPENDIX  B 
STRAIN  DATA 


The  strain  data  generated  by  the  electrical  resistance  strain  gages  mounted  on  the 
model  2000B  assembly  during  hydrostatic  testing  is  reproduced  in  this  appendix  for  the 
benefit  of  personnel  who  may  be  involved  in  certification  of  the  model  2000B  and  engineers 
interested  in  the  design  of  acrylic  plastic  submersibles.  The  data  is  presented  in  order  of 
increasing  pressure  (900,  1350,  1800,  and  4000  lb/in^).  The  gage  numbers  correspond  to 
locations  on  the  assembly  indicated  in  figure  50.  Some  of  the  readings  at  interior  locations 
1  and  3  are  irregular,  and  it  is  surmised  that  they  were  caused  by  sliding  of  the  compressed 
neoprene  gasket  on  the  gage. 
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STRAIN  REDUCTION  OR  A  T*t>  CAGE  ROSETTE 
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STWAIN  RIOUCTION  Of  A  TwO  GAGS  KOSfTTf 
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STMAJN  WDUCTION  OF  A  T*0  GAGfc  HOStTTf 
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STRAIN  REDUCTION  OF  A  TWO  CAGE  ROSETTE 
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strain  reduction  or  A  two  cage  rosette 
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STRAIN  REOUCTluN  OF  A  T*0  GAGE  ROSETTE 


STRAIN  REDUCTION  OF  A  TWO  GAGE  ROSETTE 
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TWO  CAGE  R03ETTE 
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STRAIN  REDUCTION  OF  A  Tftl)  GAGF  ROSETTE. 
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STRAIN  REDUCTION  OP  A  TWO  GAGE  ROSETTE 
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strain  reduction  of  a  t*o  cage  rosette 
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strain  reduction  of  a  two  gage  rosette 
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STRAIN  REDUCTION  OF  A  TwO  CAGE  ROSETTE 
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strain  reduction  of  a  Two  cage  rosette 
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STRAIN  REDUCTION  OF  A  T«0  SAGE  ROSETTE 
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STRAIN  REOUCTION  OF  A  T*0  CAGE  ROSETTE 
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STRAIN  REDUCTION  OF  A  TWO  GAGE  ROSETTE 
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STRAIN  REDUCTION  OF  A  T»0  CAGE  ROSETTE 
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8THAI*  REDUCTION  OF  «  T*0  GAGE  ROSETTE 
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SUMMARY 


PROBLEM 

Marmed  submersibles  with  spherical  acrylic  plastic  hulls  have  been  known  since  the 
NEMO  hull  was  designed  in  1961  to  provide  greater  panoramic  vision  at  lower  cost  and 
weight-to-displacement  ratio  than  steel  hulls  (of  the  same  shape,  size,  and  depth  capability) 
equipped  with  many  small  viewports.  Several  submersibles  with  NEMO-type  hulls  have  been 
built  since  that  time  by  the  U.  S.  Navy.  After  more  than  5  years  of  service,  the  acrylic  hulls 
have  been  found  to  be  virtually  maintenance  free  and  have  shown  no  sign  of  weathering. 
There  is,  however  one  area  of  uncertainty  that  currently  restricts  the  choice  of  missions  for 
submersibles  with  acrylic  hulls;  it  is  not  known  how  resistant  the  spherical  acrylic  hull  is  to 
hydrodynamic  impulse  loadings  generated  by  explosive-actuated  tools  like  cable  cutters,  stud 
guns,  explosive  anchors,  corers,  and  others.  If  the  resistance  of  NEMO-type  hulls  to  under¬ 
water  explosions  were  known,  acrylic  submersibles  could  be  utilized  in  missions  for  which 
explosive  tools  are  mandatory  for  meeting  the  mission  objective. 

RESULTS 

An  exploratory  test  program  has  shown  that  spherical  hulls  of  acrylic  plastic  can 
withstand  dynamic  impulses  of  considerable  magnitude  before  fracture  of  the  hull  is  initiated. 
Increasing  the  depth  of  operations  was  found  to  increase  significantly  the  resistance  of  the 
acrylic  hull  to  fracture  initiation  by  dynamic  impulses.  The  NEMO  Mod  2000  hull,  with  a 
66-in.  outside  diameter  and  4-in.  shell  thickness,  has  been  found  to  withstand  explosion¬ 
generated  peak  dynamic  overpressure  of  4,927  psi  without  initiation  of  fracture. 

RECOMMENDATION 

Manned  submersibles  with  NEMO-type  spherical  hulls  of  acrylic  plastic  may  be  safely 
utilized  in  search,  rescue,  salvage,  and  work  missions  where  explosive-actuated  work  tools 
are  routinely  utilized  for  achievement  of  mission  objectives,  provided  that  the  peak  dynamic 
overpressure  impinging  on  the  acrylic  hull  is  less  than  25  percent  of  static  implosion  pressure 
of  the  hull. 
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INTRODUCTION 


Underwater  visibility  is  extremely  important  to  crews  of  submersibles  engaged  in 
search,  salvage,  or  work  missions.  Panoramic  visibility  can  be  provided  in  many  ways,  but 
large  spherical  acrylic  plastic  windows  are  considered  to  provide  the  most  cost  effective  and 
reliable  way  of  meeting  this  operational  requirement  (Ref.  1).  An  even  better  way  is  to  use 
a  transparent  acrylic  plastic  hull  of  spherical  shape  (Ref.  2).  Not  only  does  it  provide  un¬ 
limited  visibility  in  all  directions,  but  it  also  generates  a  significant  amount  of  buoyancy. 
Furthermore,  such  a  hull  is  non-magnetic,  provides  unsurpassed  thermal  and  sound  insula¬ 
tion,  and  is  virtually  maintenance  free.  Because  of  its  transparency,  it  can  be  inspected  for 
incipient  cracks  visually  by  its  crew  at  any  time.  This  feature  alone  makes  acrylic  pressure 
hulls  inherently  safer  than  those  fabricated  from  opaque  materials  that  require  expensive  and 
time-consuming  inspection  procedures  for  detection  of  cracks. 

The  performance  of  spherical  acrylic  pressure  hulls  under  short-term,  long-term,  and 
cyclic  pressure  loadings  has  been  experimentally  established  over  the  years  by  U.  S.  Navy 
(Refs.  3-1  2)  so  that  submersibles  with  spherical  acrylic  plastic  hulls  can  be  economically 
built  and  operated  in  the  0-  to  3300-ft  depth  range.  Several  submersibles  with  acrylic  plastic 
hulls  have  been  already  built  and  are  operating  in  that  depth  range  (Refs.  13,  14,  15).  Their 
performance  record  is  excellent,  and  acrylic  plastic  hulls  that  have  been  exposed  to  sun,  sea¬ 
water,  and  heat  for  6  years  still  show  no  signs  of  deterioration. 

In  many  undersea  missions,  the  submersible  may  be  exposed  to  explosions  generated 
intentionally  by,  for  example  the  firing  of  a  stud  gun  or  cable  cutter  during  a  typical  under¬ 
water  work  sequence.  During  some  missions,  the  submersible  may  be  subjected  to  severe 
explosions  unintentionally,  e.g.,  during  recovery  or  neutralization  of  underwater  ordnance 
(Ref.  1 ).  The  effect  of  underwater  explosions  on  submersible  hulls  made  of  steel  is  fairly 
well  understood  and  the  resistance  to  dynamic  overpressures  can  be  readily  calculated.  This 
is  not  the  case  with  acrylic  plastic  pressure  hulls  or  large  spherical  sector  windows. 

This  report  summarizes  findings  from  the  first  exploratory  study  conducted  by  the 
U.  S.  Navy  on  the  effect  of  underwater  explosions  on  acrylic  plastic  spherical  hulls  of 
NEMO-type  design  and  construction. 


DESCRIPTION  OF  STUDY 

The  objective  of  the  study  was  to  provide  operators  of  existing  acrylic  plastic  submer¬ 
sibles  (NEMO,  Makakai,  Johnson-Sea-Link  I  and  Johnson-Sea-Link  II)  with  operational  guide¬ 
lines  for  missions  in  which  the  submersible  may  be  exposed  to  underwater  explosions. 

The  approach  selected  for  meeting  the  objective  of  the  study  was  experimental  in 
nature.  It  was  felt  that  the  experimental  approach  was,  in  this  case,  more  direct,  more  relia¬ 
ble,  and  less  expensive  than  an  analytical  approach,  which  would,  subsequently,  have  to  be 
experimentally  validated  before  it  could  be  used  with  confidence  by  operators  of 
submersibles. 
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The  scope  of  the  study  was  limited  to  spherical  hulls  of  NEMO  design  and  construc¬ 
tion  with  1000  and  3000  ft  maximum  operational  depths.  Only  two  sizes  of  hulls  were  to  be 
tested:  the  66-in.-OD  full-size  and  the  15-in.-OD  scale-size  spheres.  The  NEMO-type  design 
uses  a  sphere  with  two  penetrations  located  at  opposite  poles  of  the  sphere;  each  penetration 
is  closed  with  a  metallic  closure  equipped  with  a  conical  seating  surface.  In  NEMO-type  con¬ 
struction,  the  sphere  is  assembled  from  12  spherical-sector  pentagons  bonded  together  with 
self-polymerizing  acrylic  cement. 


EXPERIMENTAL  DESIGN 


TEST  SPECIMENS 

Two  NEMO  capsules,  one  66-in.-OD  full-size  and  six  15-in.-OD  scale-size,  served  as 
test  specimens  (pigs.  1  and  2).  Both  NEMO  Mod  600  with  1000-ft  operational  depth  and 
NEMO  Mod  2000  with  3000-ft  operational  depth  were  utilized  (Table  1  and  Appendix  A). 
Both  the  full-size  and  scale-size  NEMO  capsules  have  been  exposed  previously  to  cyclic 
fatigue  testing  and  thus  can  be  considered  to  be  equivalent  to  submersibles  with  several  years 
of  field  service  (Ref.  1 1 ). 

All  specimens  were  fabricated  from  Plexiglas  G,  whose  physical  properties  met  the 
U.  S.  Navy  and  ASME  requirements.  The  spherical  hulls  were  assembled  in  every  case  from 
thermoformed  spherical  pentagons  that  were  bonded  together  with  either  PS-18  or  PS-30 
self-polymerizing  adhesive.  The  scale-size  hulls  had  polar  inserts  machined  either  from  stain¬ 
less  steel  or  titanium  (Figs.  3-6),  while  the  full-size  hull  utilized  aluminum,  both  for  top 
hatch  and  bottom  penetration  plate  (Fig.  7). 

TEST  ARRANGEMENT 

Scale-Size  NEMO  Capsules 

The  testing  of  scale-size  models  took  place  in  a  30-in.-ID  pressure  vessel,  20  ft  long, 
located  at  the  Southwest  Research  Institute.  The  test  specimen  was  placed  in  a  test  jig  that 
held  it  approximately  120  in.  below  the  end  closure  and  120  in.  above  the  bottom  closure 
(Fig.  8).  To  prevent  point  contact  between  the  test  specimen  and  the  steel  test  jig,  the  speci¬ 
men  was  wrapped  in  a  wire  net  that,  in  turn,  was  fastened  to  the  three  longitudinal  members 
of  the  test  jig. 

The  explosive  was  suspended  above  the  test  specimen  by  means  of  two  horizontal 
wires  stretched  between  the  longitudinal  members  of  the  test  jig.  It  was  centered  directly 
above  the  center  of  the  test  specimen,  with  the  standoff  being  defined  as  the  distance  between 
the  center  of  explosive  and  the  outer  surface  of  the  test  specimen  facing  the  charge  (Fig.  9). 

The  instrumentation  consisted  solely  of  two  tourmaline  piezoelectric  transducers  for 
measurement  of  dynamic  overpressures.  The  transducers  were  positioned  adjacent  to  the 
model  and  were  the  same  distance  from  the  explosive  charge  as  was  the  outer  surface  of  the 
model.  Transducer  response  was  transmitted  through  differential  amplifiers  and  displayed 
on  a  dual-beam  oscilloscope,  where  it  was  photographed.  It  was  considered  advantageous  to 
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use  two  transducer  systems  so  that  the  validity  of  pulse  characteristics  could  be  ascertained 
by  noting  the  similarity  in  response  of  the  two  independent  monitoring  systems. 

The  output  of  the  piezoelectric  transducers  was  displayed  on  an  oscilloscope  and  re¬ 
corded  photographically  by  a  Polaroid  camera.  The  oscilloscope  was  triggered  by  a  small 
breakwire  wrapped  around  the  charge.  The  breaking  of  the  wire  by  the  explosion  generated 
a  pulse  which  energized  the  oscilloscope  for  a  single  sweep.  In  initial  tests,  a  time-delay 
pulse  generator  was  not  available,  so  the  sweep  speed  of  the  oscilloscope  had  to  be  such  that 
transducer  response  to  shock  overpressure  was  appropriately  displayed  during  the  single 
sweep.  In  later  tests,  by  Using  a  delayed  trigger  pulse,  it  was  possible  to  eliminate  the  initial 
straight-line  portion  of  the  display  and  obtain  greater  detail  of  shock-pulse  characteristics. 

Full-Size  NEMO  Capsules 

Testing  of  the  full-size  NEMO  Mod  2000  capsule  took  place  in  a  1 2-ft-diameter,  100- 
ft-deep,  water-filled  well  located  on  the  premises  of  Southwest  Research  Institute  (Fig.  10). 
The  test  specimen  was  securely  wrapped  with  Nylon  webbing  and  suspended  within  a  steel 
cage  by  means  of  steel  cables  (Fig.  1 1 ).  The  cage  itself  was  kept  suspended  at  50  ft  depth  by 
means  of  a  cable  attached  to  a  large  mobile  crane. 

For  the  first  three  shots,  the  explosive  (Fig.  1 2)  was  held  above  the  test  specimen. 

For  the  subsequent  two  tests  it  was  placed  below  the  test  specimen.  Changing  the  location 
of  the  explosive  was  made  necessary  by  the  generation  of  large  downward  force  upon  the 
crane  by  pressure  waves  radiating  from  explosive  held  above  the  specimen.  When  the  explo¬ 
sive  was  placed  below  the  specimen,  the  pressure  wave  would  tend  to  decrease  the  load  on 
the  crane,  rather  than  increase  it. 

Instrumentation  consisted  of  two  electric  resistance  strain  gages  and  two  pressure- 
sensitive  transducers.  The  strain  gages  were  mounted  on  the  interior  of  the  hull  midway  be¬ 
tween  the  polar  inserts  and  directly  below  the  explosive. 

The  pressure  transducers,  PCB  Model  1 13A23  acceleration-compensated  ultra-rigid 
quartz  element  pressure  probes  with  built-in  amplifiers,  were  positioned  the  same  distance 
from  the  explosive  charge  as  the  apex  of  the  test  specimen  (Fig.  13).  Pressure  gage  outputs 
were  displayed  on  a  Tektronix  Model  454  split-beam  oscilloscope,  and  strain  gage  outputs 
were  displayed  on  a  Tektronix  Model  502  dual-beam  oscilloscope.  Both  scopes  were  set  to 
trigger  in  a  single  sweep  mode,  with  the  trace  being  recorded  on  Polaroid  film.  A  small- 
diameter  breakwire,  wrapped  around  the  charge,  broke  when  the  charge  detonated,  thereby 
creating  a  voltage  change  and  triggering  the  oscilloscopes;  the  scope  sweeps  were  delayed  by 
a  time  slightly  less  than  the  time  required  for  an  acoustic  pulse  in  water  to  travel  the  distance 
between  the  charge  and  the  apex  of  the  model.  * 

TEST  PROCEDURE 

Scale-Size  NEMO  Capsules 

Each  of  the  scale-size  NEMO  capsules  were  tested  individually.  Since  the  objective 
of  the  testing  program  for  scale-size  capsules  was  to  determine  the  effect  of  the  depth  and 
capsule  shell  thickness  on  the  resistance  of  capsules  to  damage  caused  by  dynamic  overpres¬ 
sure,  some  of  the  test  parameters,  like  sizes  of  explosive  charges  and  standoff  distances,  were 
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kept  constant.  The  sizes  of  charges  chosen  were  1.1, 8.2  and  14.6  grams.  Standoff  distances 
were  set  at  48.  36,  24  and  1 2  in. 

The  procedure  (Tables  2  and  3)  followed  during  testing  of  any  given  test  specimen 
was  to  start  with  the  smallest  charge  (1.1  grams)  placed  at  the  longest  standoff  distance  (48 
in.).  If  no  damage  to  the  test  specimen  was  observed,  an  identical  charge  would  be  placed  at 
the  next  shorter  standoff  distance  (36  in.).  The  standoff  distances  chosen  for  each  shot  were 
progressively  shorter  until  the  shortest  standoff  ( 1 2  in.)  was  reached. 

If  the  smallest  charge  did  not  initiate  failure  of  the  test  specimen  at  the  shortest 
standoff  distance,  the  next  larger  charge  (8.2  grams)  would  be  placed  at  the  longest  standoff. 
The  larger  charges  would  be  set  off  following  the  test  procedure  already  described  for  the 
smallest  charge.  If  the  larger  charge  did  not  initiate  cracks  at  the  shortest  standoff,  the  series 
of  tests  would  be  repeated  again,  utilizing,  however,  the  largest  charge  (14.6  grams). 

The  1 5-in.-OD  by  14-in.-ID  scale-size  NEMO  test  specimens  were  tested  at  simulated 
depths  of  10,  100,  or  1000  ft.  The  10-ft  depth  represented  the  typical  surface  cruising  depth 
of  a  submersible,  while  1000  ft  represented  maximum  operational  depth  of  NEMO  capsules 
with  t/RQ  =  0.067  ratio. 

The  15-in.-OD  by  13-in.-ID  scale-size  NEMO  test  specimens  were  tested  at  depths  of 
10,  100,  or  2000  ft.  Here  again,  10  ft  represented  the  typical  surface  cruising  depth,  while 
1000  and  2000  ft  represented  depths  of  typical  deep  submergence  operational  missions. 

Full-Size  NEMO  Capsules 

The  test  procedure  for  full-size  capsules  (Table  4)  differed  from  the  test  procedure 
used  for  scale-size  capsules.  While  for  scale-size  capsules  both  the  size  of  the  charge  and  the 
standoff  distance  were  experimental  variables,  for  the  full-size  capsule  only  the  charge  size 
was  varied,  while  the  standoff  was  held  constant  at  52.8  in.  This  standoff  distance  was  deter¬ 
mined  by  multiplying  the  shortest  standoff  distance  of  12  in.  by  66/15,  the  ratio  representing 
the  relationship  between  the  size  of  the  full-size  NEMO  and  that  of  the  scale-size  NEMO. 

The  charge  weights  used  against  the  full-size  NEMO  capsule  were  1.1,  5.6,  14.5, 

169.9,  387.8,  and  688.6  grams.  The  first  three  charges  were  of  the  same  weight  as  those  used 
in  the  explosive  testing  of  scale-size  NEMO  capsules.  They  were  used  primarily  to  calibrate 
pressure  transducers  and  strain  gage  readout  equipment.  The  last  three  charges  were  scaled- 
up  versions  of  charges  previously  used  against  scale-model  NEMOs.  Thus,  the  169.9-gram 
charge  is  the  scaled-up  version  of  the  1 . 1-gram  charge,  the  387.8-gram  charge  is  the  scaled-up 
version  of  4. 6-gram  charge,  and  the  688.6-gram  charge  is  the  scaled-up  version  of  8.25-gram 
charge.  The  scaled-up  charges  were  supposed  to  generate  the  same  peak  overpressures  on  the 
full-scale  NEMO  from  a  0.8RQ  standoff  as  were  generated  previously  on  the  scale-size  NEMO 
capsules  from  a  0.8rQ  standoff  by  1,1-,  4.6-,  and  8.2-gram  charges.* 


*R  -  external  radius  of  the  full-size  NEMO 
rQ  -  external  radius  of  the  scale-size  NEMO 
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TEST  OBSERVATIONS 


Scale-Size  NEMO  Capsules 

The  testing  of  the  scale-size  NEMO  capsules  was  very  destructive  to  the  30-in.  pres¬ 
sure  vessel  in  which  the  testing  was  conducted.  Seals  in  the  vessel  end  closures  as  well  as 
hydraulic  piping  were  repeatedly  damaged.  Because  of  it,  seals  and  hydraulic  fittings  had  to 
be  replaced  every  second  or  third  shot. 

Pressure  transducers  were  also  damaged  repeatedly.  After  several  days  of  testing,  the 
project  ran  out  of  transducers,  and  further  shots  were  conducted  without  any  instrumenta¬ 
tion.  Thus,  for  some  of  the  shots  during  which  the  capsules  failed,  both  the  peak  overpres¬ 
sure  and  the  impulse  intensity  had  to  be  calculated.  There  is,  however,  a  very  high  confidence 
in  the  calculated  values,  since  it  was  found  that  during  the  shots  in  which  instrumentation 
functioned,  the  correlation  between  calculated  and  experimental  values  was  quite  good 
(Figs.  14,  15,  16,  and  17). 

Failure  of  model-size  NEMO  capsules  was  manifested  by  formation  of  either  tensile- 
or  flexure-type  cracks.  As  a  rule,  the  flexure  cracks  were  present  on  the  interior  surface  of 
the  equator  directly  facing  the  charge,  on  the  opposite  side,  or  on  both  sides,  while  the  ten¬ 
sile  cracks  extended  radially  from  the  edges  of  penetrations.  If  the  underwater  explosion 
was  severe,  there  would  be  several  long  flexure-type  cracks  joined  together  in  a  form  of  a 
star,  very  similar  in  appearance  to  the  pattern  of  cracks  observed  in  spherical  sector  windows 
under  point  impact  loading  (Ref.  1 6).  Severe  explosions  would  also  generate  tensile  meridio¬ 
nal  cracks  at  the  penetrations. 

Light  damage  was  observed  on  test  specimens  J  and  26  (Figs.  18  and  19).  In  both 
cases,  there  were  only  one  or  two  small  flexure  cracks  at  the  equator,  no  leakage  of  water 
took  place  and  the  capsule  was  considered  to  have  withstood  the  explosion  without  endan¬ 
gering  its  potential  cargo.  These  capsules  could  have  completed  their  mission  successfully. 

Medium  severe  damage  was  noted  on  test  specimens  M  and  24  (Figs.  20  and  21).  In 
both  cases,  there  were  several  short  flexure  cracks  present  at  the  equator  and  at  least  one 
long  tensile  crack  at  the  penetration.  Only  a  few  drops  of  water  leaked  into  the  interiors  of 
the  capsules,  but  not  in  sufficient  quantity  to  endanger  the  potential  cargo.  Still,  the  mis¬ 
sions  of  the.  capsules  would  have  to  be  terminated  immediately  to  avoid  endangering  the 
crew. 

Very  severe  damage  was  observed  on  test  specimens  K  and  25  (Figs.  22  and  23).  In 
both  cases,  a  large  star-shaped  flexure  crack  at  the  equator  and  several  tensile  cracks  radiating 
from  penetrations  were  produced.  Because  of  the  many  cracks,  water  leaked  into  the  interi¬ 
ors  of  these  two  capsules.  There  would  have  been  severe  jeopardy  for  any  cargo.  It  is  very 
probable  that  capsules  in  such  condition  could  not  return  from  their  missions  since  they 
would  fill  with  water  prior  to  reaching  the  mother  ship. 

Full-Size  NEMO  Capsule 

The  full-size  NEMO  capsule  withstood  all  the  explosions  without  initiation  of  cracks 
in  the  acrylic  plastic.  However,  during  the  last  three  shots,  the  capsule  was  torn  loose  from 
its  fastenings.  On  the  last  shot,  the  capsule  broke  free  of  its  0.25-in.  steel  cable  netting  and 
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rose  rapidly  to  the  surface  of  the  well  shaft,  where  it  struck  a  protruding  steel  beam.  The 
point  impact  broke  off  a  large  chip  from  the  capsule  surface,  thus  terminating  any  further 
tests  on  this  capsule  (Fig.  24). 

Dynamic  strains  measured  on  the  interior  of  the  capsule  facing  the  387.8-gram  charge 
indicated  considerable  tension  immediately  followed  by  compression  of  approximately  the 
same  magnitude  (Fig.  25).  Still,  the  strains  were  not  of  such  magnitude  as  to  suggest  failure 
during  the  following  688.6-gm  shot. 

Dynamic  pressure  readings  were  obtained  only  with  the  initial  two  small  charges 
(Figs.  26  and  27).  No  experimental  pressure  readings  were  obtained  with  the  following  four 
larger  charges  because  the  breaking  loose  of  the  capsule  destroyed,  in  every  case,  the  pressure 
pickups  and  associated  wiring.  However,  such  a  good  correlation  was  obtained  between  the 
experimental  and  calculated  peak  overpressure  values  during  the  initial  shots  that  peak  over¬ 
pressures  for  the  last  three  shots  could  be  calculated  with  confidence. 


DISCUSSION  OF  TEST  RESULTS 

Although  the  data  generated  during  the  testing  program  are  far  from  complete, 
several  definite  relationships  between  the  force  of  explosion  and  capsule’s  resistance  to  fail¬ 
ure  can  be  formulated. 

EFFECT  OF  SHELL  THICKNESS 

It  appears  that  the  resistance  to  fracture  of  acrylic  plastic  spheres  subjected  to  under¬ 
water  explosions  is  directly  related  to  shell  thickness,  provided  that  the  method  of  construc¬ 
tion  and  outside  radius  remain  the  same.  This  postulate  is  based  on  the  observation  that  to 
initiate  cracking  in  l-in.-thick  scale-size  NEMO  capsules  required  a  unit  impulse  and  peak 
dynamic  overpressure  twice  as  large  as  those  required  to  produce  similar  results  in  0.5-in.- 
thick  capsules.  Both  tests  were  conducted  at  the  same  depth.  For  example,  test  specimen 
No.  26  with  a  0.5-in.-thick  wall  failed  at  1000  ft  under  0.1  psi.-sec  unit  impulse  and  2816  psi 
peak  dynamic  overpressure,  while  test  specimen  No.  K  with  1 .0-in.-thick  wall  required  0.206 
psi-sec  unit  impulse  and  6176  psi  peak  dynamic  overpressure  to  initiate  cracking  at  the  same 
depth.  A  similar  relationship  can  be  seen,  although  less  clearly,  between  specimen  No.  25 
and  No.  M. 

EFFECT  OF  DEPTH 

The  data  show  quite  clearly  that  the  resistance  to  fracture  of  acrylic  plastic  spheres 
subjected  to  underwater  explosions  increases  significantly  with  depth.  This  conclusion  is 
based  on  the  observation  that  it  required  a  3  to  5  times  larger  peak  overpressure  and  unit  im¬ 
pulse  to  fracture  an  identical  test  specimen  at  1000  ft  depth  than  it  did  at  10  ft.  For  exam¬ 
ple,  test  specimen  No.  M  failed  at  10  ft  depth  under  0.045  psi-sec  unit  impulse,  and  1434  psi 
peak  dynamic  overpressure,  while  test  specimen  No.  K  at  1000  ft  depth  required  0.206  psi- 
sec  unit  impulse  and  61  76  psi  peak  dynamic  overpressure  to  generate  a  fracture.  Similar  re¬ 
lationship  can  be  seen  between  specimen  No.  25  and  No.  26. 


8 


EFFECT  OF  SCALING 


There  are  insufficient  experimental  data  to  establish  the  validity  of  using  scale-size 
models  for  determining  the  resistance  of  full-size  NEMO  capsules  to  underwater  explosions. 
The  few  data  points  generated  during  the  study  seem  to  indicate,  however,  that  extrapolating 
data  from  scale-size  models  is  on  the  conservative  side  and,  thus,  acceptable.  This  conclusion 
is  based  on  the  observation  that  the  full-size  NEMO  capsule  did  not  crack  when  subjected  to 
peak  dynamic  overpressure  of  4927  psi  generated  by  a  688.56-gm  charge  with  0.8RQ  stand¬ 
off,  while  the  same  peak  dynamic  overpressure  generated  by  a  scaled-down  charge  of  8.2  gm 
with  0.8  rQ  standoff  would,  without  a  doubt,  have  cracked  the  1 5-in.-OD  by  13-in.-lD  scale- 
size  NEMO  capsule. 

EFFECT  OF  MOUNTING 

During  the  testing  of  model-size  capsules,  there  was  no  problem  with  retaining  the 
capsules  inside  the  test  jig  to  which  they  were  mounted.  The  mounting,  which  consisted  of 
chicken  wire  mesh  wrapped  around  the  capsule  and  fastened  securely  with  wires  to  the  jig 
frame,  was  substantial  and  capable  of  withstanding  the  thrust  exerted  upon  the  capsule  by 
dynamic  pressure.  This  was  not  the  case  with  the  full-size  NEMO  capsule.  Although  the 
nylon  netting  was  substantial,  and  the  net  was  fastened  to  the  frame  with  0.25-in.  steel 
cables,  the  thrust  exerted  by  dynamic  pressure  upon  the  66-in.-diameter  capsule  was  much 
higher  than  what  the  cables  could  withstand.  As  a  result,  the  capsule  was  torn  loose  from  its 
mounting  during  the  firing  of  shots  No.  4,  5,  and  6.  (Table  4) 

The  beneficial  effect  of  depth  on  the  resistance  of  pressure  hulls  to  dynamic  over¬ 
pressure  has  been  previously  observed  in  other  brittle  materials  besides  acrylic  plastic,  mate¬ 
rials  whose  tensile  strength  is  significantly  less  than  their  compressive  strength,  e.g.,  glass, 
ceramics,  and  concrete.  The  beneficial  effect  of  depth  derives  its  action  from  the  compres¬ 
sive  membrane  prestressing  imposed  on  the  hull  by  the  static  external  pressure  loading.  The 
compressive  prestress  must  be  overcome  by  the  tensile  flexure  stress  generated  by  the  under¬ 
water  explosion  before  the  brittle  material  can  fail  in  tension  on  the  interior  surface  of  the 
hull. 

Needless  to  say,  imposing  compressive  prestress  on  the  hull  by  static  external  pressure 
has  its  limits  for  all  brittle  materials.  The  limit  for  the  beneficial  depth  effect  is  reached  when 
the  material  in  the  pressure  hull  begins  to  fail  during  dynamic  pressure  loading  in  compression 
rather  than  in  tension.  This  happens  when  the  sum  of  the  dynamic  compressive  stress  (equal 
in  magnitude  to,  and  following  immediately  after,  the  tensile  flexure  stress  phase)  and  static 
compressive  stress  exceeds  either  the  yield  or  ultimate  compressive  strength  (depending  on 
which  one  is  the  smaller  value)  of  the  brittle  material. 

For  acrylic  plastic  hulls  designed  to  fail  by  general  plastic  instability,  the  maximum 
allowable  depth  for  static  precompression  purposes  is  approximately  25  to  30  percent  of 
their  short-term  critical  pressure  (based  on  compressive  strains  generated  in  the  hull  after  8 
hours  of  sustained  loading  at  maximum  operational  depth).  Since  the  maximum  operational 
depth  of  acrylic  hulls  is,  as  a  rule,  set  at  25  to  30  percent  of  their  short-term  critical  pressure, 
the  beneficial  depth  effect  is  active  through  the  whole  depth  range  of  operations  for  acrylic 
submersibles. 
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The  breaking  loose  of  the  full-size  NEMO  from  its  mounting  as  a  result  of  under¬ 
water  explosion  points  up  to  a  very  serious  practical  problem  for  a  submersible  containing  a 
NEMO  capsule.  It  appears  that  unless  the  NEMO  capsule  is  restrained  in  some  very  ingenious 
manner,  the  primary  damage  to  the  acrylic  capsule  will  be  caused  either  by  impact  against 
the  framework  of  the  submersible  after  the  capsule  has  broken  loose  from  a  weak  mounting, 
or  by  excessive  dynamic  stresses  generated  by  very  strong,  but  rigid  mounting.  Since  the 
NEMO  capsules  are  generally  attached  to  the  submersible  framework  by  their  metallic  end 
closures,  it  is  highly  probable  that  when  subjected  to  a  severe  underwater  explosion,  the 
capsule  will  crack  around  the  penetrations  because  of  unacceptably  high  bearing  stresses. 

For  this  reason,  it  is  desirable  that  the  capsule  also  be  supported  at  other  locations  by  large 
elastomeric  pads  that  would  tend  to  distribute  and  absorb  some  of  the  capsule’s  thrust 
caused  by  impulse  loading. 

FINDINGS 

1 .  Acrylic  plastic  spherical  pressure  hulls  will  fracture  when  exposed  to  underwater 
explosions  whose  peak  dynamic  overpressure  may  be  less  than  the  static  critical  pressure  of 
the  hull. 

2.  Underwater  explosions  generate  cracks  primarily  on  the  interior  surface  of  the 
sphere  at  locations  directly  facing  and  opposite  the  charge. 

3.  Cracks  on  the  interior  surface  of  the  sphere  indicate  localized  external  dynamic 
pressure  loading,  very  similar  to  a  mechanical  point-impact  loading  (Ref.  16). 

4.  Dynamic  strains  measured  on  the  interior  shell  surface  facing  the  charge  alternate 
rapidly  from  tension  to  compression. 

5.  Increasing  the  thickness  of  the  acrylic  plastic  sphere  also  increases  its  resistance 
to  underwater  explosions;  doubling  the  thickness  appears  to  double  the  unit  impulse  and 
peak  dynamic  overpressure  required  for  crack  initiation. 

6.  Increasing  the  depth  of  operation  also  increases  the  resistance  of  the  acrylic 
plastic  sphere  to  underwater  explosions;  increasing  the  depth  by  1000  feet  appears  to  at 
least  triple  the  unit  impulse  and  peak  dynamic  overpressure  required  for  crack  initiation. 

7.  Mountings  for  acrylic  plastic  spheres  tend  to  fail  sooner  than  the  spheres  them¬ 
selves  when  subjected  to  underwater  explosions. 

CONCLUSIONS 

Submersibles  with  NEMO-type  acrylic  plastic  spherical  hulls  can  successfully  with¬ 
stand  underwater  explosions  of  considerable  magnitude.  Increasing  the  depth  of  operation 
significantly  increases  'he  resistance  of  spherical  acrylic  plastic  hull  to  underwater  explosions. 
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RECOMMENDATIONS 


Operational 

Submersibles  with  spherical  acrylic  plastic  pressure  hulls  should  not  be  exposed  to 
underwater  explosions  of  such  magnitude  that  cracks  will  be  initiated  in  the  hull,  or  the 
whole  hull  torn  away  from  its  mounting  in  the  submersible  structure.  This  means  that  (a) 
the  explosive  charges  in  cable  cutters  or  stud  drivers  carried  routinely  by  an  acrylic  plastic 
submersible  should  not  exceed  a  certain  size  if  the  tools  are  to  be  activated  in  the  immediate 
vicinity  of  the  submersible,  and  (b)  the  submersible  should  not  be  involved  in  search  missions 
for  unexploded  underwater  ordnance  whose  warhead  exceeds  a  critical  size  for  given  under¬ 
water  visibility  (i.e.,  good  visibility  allows  discovery  of  an  unexploded  item  of  ordnance  with¬ 
out  getting  close  to  it,  while  poor  visibility  requires  the  submersible  to  be  almost  in  physical 
contact  with  the  item  of  ordnance  before  it  is  recognized  as  such). 

The  maximum  sizes  of  permissible  explosive  charges  for  work  tools  or  devices  carried 
routinely  by  a  work  submersible  have  been  calculated  (Ref.  19)  on  the  basis  of  the  largest 
charge  used  in  the  testing  program  against  full-size  NEMO  Mod  2000  at  50  ft  depth  that  did 
no  damage  to  the  hull  or  its  mounting  (Shot  No.  3  of  Table  4).  Charges  equal  to,  or  less  than 
those  shown  in  Fig.  28  can  be  used  repeatedly  in  performance  of  work  missions  in  the  1 0-  to 
3000-ft  depth  range  by  a  submersible  equipped  with  NEMO  Mod  2000  (Ref.  1 1 )  or  2000B 
hull  (Ref.  12)  (t/R0  >0.121). 

The  minimum  safe  standoff  distance  for  missions  involving  search  and/or  disposal  of 
underwater  ordnance  have  been  calculated  (Ref.  19)  on  the  basis  of  the  largest  charge  used 
in  the  testing  program  against  full-size  NEMO  Mod  2000  at  50  ft  depth  that  did  no  damage 
to  the  hull  but  considerable  damage  to  the  capsule  mounting  (Shot  No.  6  of  Table  4). 
Standoff  distances  equal  to  or  larger  than  those  shown  in  Fig.  29  must  be  maintained  be¬ 
tween  the  submersible  with  NEMO  Mod  2000  or  2000B  hull  and  the  unexploded  underwa¬ 
ter  ordnance  in  the  50-  to  3000-ft  depth  range  if  fracture  of  the  acrylic  hull  due  to  explo¬ 
sion  is  to  be  avoided.  The  standoff  distances  shown  in  Fig.  29  are  very  conservative  for 
depths  in  excess  of  1000  ft. 

It  is  understood,  however,  that  unless  a  mounting  is  provided  that  is  capable  of  re¬ 
straining  the  NEMO  Mod  2000  hull  against  a  thrust  of  at  least  10^  lb,  the  hull  may  be  torn 
loose  from  its  mounting  when  subjected  to  the  explosions  and  standoff  distances  shown  in 
Fig.  29. 

Design 


Typical  mountings  for  work  submersibles  with  NEMO  Mod  2000  or  2000B  acrylic 
hulls  are  generally  configured  (Fig.  30)  to  withstand  forces  generated  only  by  vertical  buoy¬ 
ancy  or  dead  weight  and  horizontal  hydrodynamic  drag  of  the  sphere.  The  magnitudes  of 
these  forces  are  low,  approximately  3000  lb  vertical  static  force  and  1000  lb  horizontal  drag. 
Since,  however,  the  submersible  is  also  subjected  to  dynamic  forces  during  docking  and  re¬ 
trieval,  a  wHI-designed  mounting  will,  as  a  minimum,  restrain  an  acrylic  hull  against  100,000 
lb  of  downward  thrust,  100,000  lb  horizontal  thrust,  and  10,000  It  vertical  pull  (for  some 
types  of  mountings  the  vertical  pull  is  also  about  100,000  lb). 
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Unfortunately,  even  well-designed  mountings  for  typical  work  missions  do  not  pro¬ 
vide  adequate  restraint  against  severe  underwater  explosions  at  the  standoffs  plotted  in  Fig. 
29.  To  withstand  the  thrust  of  severe  explosions,  the  mountings  must  be  designed  with  this 
specific  objective  in  mind.  Unfortunately,  proven  mounting  designs  do  not  exist  at  the 
present  time  for  submersibles  with  acrylic  spheres  routinely  engaged  in  missions  in  which 
severe  underwater  explosions  may  be  encountered.  A  conceptual  design  for  such  service  has 
been  prepared,  however,  and  is  shown  in  Fig.  3 1 . 

Although  Figs.  28  and  29  have  been  developed  specifically  for  NEMO  Mod  2000  and 
2000B  acrylic  plastic  hulls,  they  are  also  applicable  to  other  acrylic  spheres  with  t/R0  > 

0.1 2.  There  is  sufficient  structural  similarity  between  spheres  and  spherical  sectors  with 
included  angle  a  >  1 20°  to  make  Figs.  28  and  29  applicable  also  to  spherical  acrylic  plastic 
sector  bow  windows  in  submersibles.  Some  experimental  data  exist  which  confirm  this 
belief. 
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TABLE  1.  ACRYLIC  PLASTIC  SPHERES  SERVING  AS  TEST  SPECIMENS 


Short-term 
static  critical 
pressure,* 
psi 

1,650 

1,650 

1,650 

4,750 

4,750 

Bottom 

Inserts 

316  stainless 
steel  hatch 

no  gasket 

acrylic  plastic 
spherical  sector 

no  gasket 

no  hatch 

no  gasket 

6A14V  titanium 
hatch 

no  gasket 

6A14V  titanium 
hatch 

no  gasket 

Penetration 
minor  diameter 
(included  angle) 

4.793  in. 

40° 

5.150  in. 

43° 

c 

o 

03 

Urn 

♦-* 

<u 

c 

0> 

a 

o 

c 

4.445  in. 

40° 

4.445  in. 

40° 

Top 

Inserts 

316  stainless 
steel  hatch 

no  gasket 

316  stainless 
steel  hatch 

polycarbonate 

gasket 

acrylic  plastic 
spherical  sector 

no  gasket  | 

6A14V  titanium 
hatch 

polycarbonate 

gasket 

6A14V  titanium 
hatch 

polycarbonate 

gasket 

Penetration 
minor  diameter 
(included  angle) 

4.793  in. 

40° 

5.150  in. 

43° 

5.150  in. 

43° 

5.285  in. 

48° 

•  5.285  in. 

48° 

Inside 

Diameter, 

in. 

co 

CO 

-a  *3 

Sec 

m 

*n 

in 

in 

in 

=  i-E 

°5 

rj- 

in 

vo 

rM 

ni 

*— > 

U 

mmm 

4> 

QJ 

<u 

<L> 

a> 

T3 

TD 

TJ 

X3 

"O 

O 

O 

O 

O 

o 

2 

S 

s 

S 

2 
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*  Based  on  experimental  data  from  previous  studies  (Refs.  3,  11). 


TABLE  1 .  ACRYLIC  PLASTIC  SPHERES  SERVING  AS  TEST  SPECIMENS  (Continued) 
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TABLE  2.  RESISTANCE  OF  15-m.-O.D.  BY  14-in.-I.D.  NEMO  SCALE 
MODELS  TO  DYNAMIC  PRESSURE  IMPULSES 


Size 

Model  25 

Model  24 

Model  26 

of 

10  ft  Depth 

1 00  ft  Depth 

1000  ft  Depth 

Charge,  grams 

Standoff,  in. 

1.1 

48 

48 

48 

36 

36 

36 

24 

24 

24 

12 

12 

12 

8.2 

48  .t 

48 

48 

1 035 .  psi  peak 

36 

36 

overpressure 

0.033  psi-sec 
unit  impulse 

24  ** 

24 

Severe  cracking  of 

2250.  psi  peak 

hull  at  equator 
facing  and  opposite 

overpressure 

0.067  psi-sec 

charge;  also  severe 

unit  impulse 

radial  cracks 
around  the  pene¬ 
trations 
(Fig.  23) 

Minor  meridional 
cracks  near  pene¬ 
trations  facing  and 
opposite  charge. 

(Fig.  21) 

14.6 

48 

36 

24  * 

28 1 6  psi  peak  overpressure 

0.1  psi-sec  unit  impulse 

Small  crack  on  equator 
opposite  charge. 

(Fig.  19) 

Notes:  •  The  standoff  is  measured  between  the  tip  of  the  charge  and  the  surface  of  the  NEMO  model. 

•  Explosive  used  is  cast  explosive  composed  of  50%  PETN  and  50%  TNT. 

•  Failure  is  indicated  by  presence  of  cracks. 

•  Shock  wave  parameters  are  calculated  values. 

*  Denotes  light  damage. 

**  Denotes  medium  severe  damage, 
t Denotes  very  severe  damage. 
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TABLE  3.  RESISTANCE  OF  15-in.O.D.  BY  13-in.-LD.  NEMO  SCALE 
MODELS  TO  DYNAMIC  PRESSURE  IMPULSES 


Size  of 

Model  M 

10  ft  Depth 

Model  K 

1000  ft  Depth 

Model  J 

2000  ft  Depth 

Charge,  grams 

Standoff,  in. 

1.1 

48 

48 

48 

36 

36 

36 

24 

24 

24 

12 

12 

12 

8.2 

48 

48 

48 

36  ** 

36 

36 

1 

1434  psi  peak 
overpressure 

0.045  psi-sec 
unit  impulse 

Cracks  on  equator 
facing  charge; 
also  radial  crack 
at  the  penetration. 
(Fig.  20) 

24 

24 

14.6 

48 

36 

24 

12  t 

61  70.  psi  peak 
overpressure 

0.208  psi-sec 
unit  impulse 

Star  shaped  cracks 
on  equator  facing 
charge;  also  radial 
crack  at  penetration. 
(Fig.  22) 

48 

36 

24 

12  * 

6170  psi  peak  overpressure 

0.208  psi-sec  unit 

Small  incipient  cracks 
on  equator  facing  and 
opposite  the  charge. 

(Fig.  18) 

Notes:  •  The  standoff  is  measured  between  the  tip  of  the  charge  and  the  surface  of  the  NEMO  model.  ' 

•  Explosive  used  is  cast  explosive  composed  of  507c  PETN  and  507c  TNT 

•  Failure  is  indicated  by  presence  of  cracks. 

•  Shockwave  parameters  are  calculated  values. 

* denotes  light  damage;  **denotes  medium  severe  damage.  f denotes  very  severe  damage 
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TABLE  4.  RESISTANCE  OF  66-in.-O.D.  BY  57.90-in.-I.D.  FULL-SIZE 
NEMO  MOD  2000  TO  DYNAMIC  PRESSURE  IMPULSES 


Shot 

No. 

- ! 

Size  of 

Charge,  grams 

- ! 

• 

Standoff,  in. 

1 

Peak 

Overpressure, 

psi 

Unit 

Impulse 

psi-sec 

Comments 

1 

1.10* 

52.9 

435 

0.0074 

No  damage 

2 

5.62* 

52.9 

805 

0.0228 

No  damage 

3 

14.50* 

52.9 

1,150 

0.0436 

No  damage 

4 

169.87* 

52.9 

2,906 

0.2347 

No  damage; 
capsule  broke  loose 
from  test  jig. 

5 

387.77** 

52.9 

3,967 

0.412 

No  damage, 
capsule  broke  loose 
from  test  jig. 

•6 

688.56** 

52.9 

4,927 

0.611 

No  damage, 
capsule  broke  loose 
from  test  jig. 

Notes:  •  The  standoff  is  measured  between  the  tip  of  the  charge  and  the  surface  of  the  NEMO  capsule. 

•  Explosive  used  is  cast  explosive  composed  of  50%  PETN  and  50%  TNT. 

•  Damage  is  indicated  by  presence  of  cracks. 

•  Shock  wave  parameters  are  calculated  values. 

•  All  tests  were  conducted  at  50  ft  depth. 

*  Explosive  located  above  the  capsule. 

** Explosive  located  below  the  capsule. 
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tested  to  destruction  under  dynamic  impulse  loading. 


11MD-NUC-3910/2A-(2)  (11-72) 

figure  3.  Typical  dimensions  of  15-in.  OD  by  13-in.  ID  scale-size  NEMO-type  hulls. 
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.  Inserts  for  penetrations  in  15-in.-OD  by  13-in.-ID  scale-size  NEMO-type  hulls. 


5.150  IN.  DIA  MODELS  25  AND  26 
4.793  IN.  DIA  MODEL  24 


0.5  IN.  NOMINAL 


15.030  IN. 
14.970  IN. 

SPHERICAL 

DIAMETER 


5.150  IN.  DIA  MODEL  25 
4.793  IN.  DIA  MODEL  24 


SECTION 


NOTES: 

1.  MATERIAL:  PLEXIGLAS  G,  0.5  IN.  PLATE 

2.  ADHESIVE:  PS  18 


Figure  5.  Typical  dimensions  of  15-in.-OD  by  14-in.-lD  scale-size  NEMO-type  hulls. 
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SIMULATED  HATCH  -  TYPE  C  INSERT  GASKET 

MATERIAL:  316  STAINLESS  STEEL  MATERIAL:  POLYCARBONATE  PLASTIC 

Figure  6.  Inserts  for  penetrations  in  15-in.-OD  by  14-in.-ID  scale-size  NEMO-type  hulls. 


OSCILLOSCOPE 


GENERATOR 


TO  OSCILLOSCOPE 
DIFFERENTIAL  INPUT 
AMPLIFIER 


Figure  9.  Schematic  of  instrumentation  used  for  measurement  of  peak  pressures  impinging  on  the  acrylic  capsules. 
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Figure  10  Test  jig  for  holding  the  full-size  NEMO  Mod  2000  capsule  in  the  well  during  detonation  of  explosive. 
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Mounting  of  the  NEMO  Mod  2000  capsule  inside  the  test  jig. 


Figure  12.  Typical  size  and  shape  of  explosive  charge  used  against  full 
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[iliTil 


•<  ii 

i ;  , 

gage  1 

i  . 

W  *+ - * - - 

gage  2 

\  • 

I  254  psi/div 
I  519  psi/div 


time  « . -  0.5  /usec/div 


Model:  25  NEMO  (15"  X  14") 
Charge:  8.2  grams 
Standoff:  48  inches 
Hydrostatic  Pressure:  10  psi 


Gage  1 

Gage  2 

Calculated 

Peak  Shock  Overpressure,  psi 

1,020 

1,035 

1,035 

Unit  Impulse,  psi-sec 

0.175 

0.18 

.0325 

Duration,  /isec 

1,350 

1,350 

— 

Note  —  Model  failed. 


Figure  14.  Peak  pressure  measured  at  the  scale-size  capsule  No.  25  during  the  explosion  that  fractured  the  capsule. 
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Model:  NEMO  26  (15"  X  14") 

Charge:  14.6  grams 

Standoff:  24”  (gage  1),  26"  (gage  2),  24”  (model) 

Hydrostatic  Pressure:  450  psi 

Calculated 


Gage  1 

Gage  2 

Gage  1 

Gage  2 

Peak  Shock  Overpressure,  psi 

2,820 

2,250 

2,810 

2,580 

Unit  Impulse,  psi-sec 

.111 

.0654 

.101 

.094 

Duration,  /usee 

80 

75 

_ 

_ 

Note  —  Model  failed.  Gage  2  was  farther  from  model  and  charge  than  gage  1  and  gives  a  lower 
than  anticipated  value. 


Figure  15.  Peak  pressure  measured  at  the  scale-size  capsule  No.  26  during  the  explosion  that  fractured  the  capsule 
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gage  1 
gage  2 


t  2,090  psi/div 
|  2,040  psi/div 


time  50  ^sec/div  — — ► 


Model:  NEMO  J  (15"  X  13") 

Charge:  14.6  grams 

Standoff:  13"  (gage  1),  12"  (gage  2),  12"  (model) 

Hydrostatic  Pressure:  1,000  psi 

Calculated 


Gage  1 

Gage  2 

Gage  1 

Gage  2 

Peak  Shock  Overpressure,  psi 

5,660 

4,480 

5,660 

6,200 

Unit  Impulse,  psi-sec 

.1276 

.1108 

.194 

.215 

Duration,  jisec 

50 

47.5 

— 

— 

Note  —  Model  failed.  Gage  2  gives  lower  than  anticipated  value. 


Figure  16.  Peak  pressure  measured  at  the  scale-size  capsule  No.  J  during  the  explosion  that  fractured  the  capsule. 


35 


gage  1 
gage  2 


Model:  NEMO  K  (15”  X  13”) 

Charge:  14.6  grams 

Standoff:  12”  (gage  1),  13”  (gage  2),  12”  (model) 

Hydrostatic  Pressure:  450  psi 

Calculated 


Gage  1 

Gage  2 

Gage  1 

Gage  2 

Peak  Shock  Overpressure,  psi 

6,280 

4,080 

6,200 

5,660 

Unit  Impulse,  psi-sec 

.1856 

.085 

.215 

.194 

Duration,  gtsec 

75 

50 

- 

- 

Note  —  Model  failed.  Gage  2  reads  lower  than  anticipated. 


Figure  17.  Peak  pressure  measured  at  the  scale-size  capsule  No.  K  during  the  explosion  that  fractured  the  capsule. 
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(at  2000-ft  depth)  to  a  14.6-gram  charge  at  12  in.  standoff: 


S3H 


40 


(b)  crack  is  at  the  penetration.  (Sheet  2  of  2) 
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(t  depth)  to  a  K.2-iirnm  charge  at  24  in.  standoff: 


j.-jpuic  22.  fractures  in  capsule  No.  K  after  being  subjected  (at  1000-ft  depth)  to  a  14.6-gram  charge  at  1 2  in.  standoff: 
(a)  crack  is  facing  the  explosive.  (Sheet  1  of  2) 
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Figure  22.  Fractures  in  capsule  No.  K  after  being  subjected  (at  lOOO-ft  depth)  to  a  14.6-gram  charge  at  1  2  in.  standoff: 
(b)  crack  is  on  the  opposite  side  of  capsule  near  penetration.  (Sheet  2  of  2) 


lire  23.  l-'racturcs  in  capsule  No.  25  after  being  subjected  (at  IO-ft  depth)  to  a  8. 2-gram  charge  at  48  in.  standoff: 
crack  is  facine  the  explosive.  (Sheet  I  of  2) 


time  50  jisec/div  » 


NOTES: 

a)  1/4  inch  strain  gage  was  positioned  internally  on  apex  of  sphere  closest  to  point  of 
detonation 

b)  Gage  output  was  recorded  at  two  voltage  deflection  levels  on  scope  since  strain  level  was 
was  not  known 

c)  7/8  pound  of  pentolite  was  detonated  53  inches  from  outer  surface  of  sphere 

d)  Maximum  strain  was  initially  930  microinches  in  tension  followed  by  an  equal  strain  in 
compression 

e)  Scope  trigger  was  delayed  500  microseconds  after  detonation 


Figure  25.  Dynamic  strains  measured  on  the  interior  surface  of  the  NEMO  Mod  2000  capsule  directly 
below  the  charge  of  387.8  grams  at  52.9  in.  standoff. 
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174.5  psi/div  162.6  psi/div 


20  microseconds/div  - ► 


Charge: 

Standoff: 

Depth: 

Peak  Measured  Pressure: 

Measured  Unit  impulse: 
Calculated  Peak  Pressure: 
Calculated  Unit  Impulse: 
Comments: 


E81  Electric  Blasting  Cap 
4.41  Feet 
50  Feet 

Upper  T race  504  Psi 
Lower  T race  502  Psi 
Not  Readable 
435  Psi 

.00745  Psi-Sec 
No  Damage 


Figure  26.  Peak  pressure  measured  at  the  full-size  NEMO  Mod  2000  capsule 
when  the  1.1-gram  charge  was  fired  at  52.9  in.  standoff. 
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349  psi/div  325.2  psi/div 


20  microsecond  s/d  iv  —  » 


Charge: 

Standoff: 

Depth: 

Peak  Measured  Pressure: 

Measured  Unit  impulse: 
Calculated  Peak  Pressure: 
Calculated  Unit  Impulse: 
Comments: 


.01242  lbs 
4.41  Feet 
50  Feet 

Upper  Trace  975  Psi 
Lower  T race  1,012  Psi 
Not  Readable 
805  Psi 

0.0228  Psi-Sec 
Nos  Damage 


Figure  27.  Peak  pressure  measured  at  the  full-size  NEMO  Mod  2000  capsule 
when  the  5.62-gram  charge  was  fired  at  52.9  in.  standoff. 
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CHARGE,  lbs.  of  PETN 


Figure  28.  Weight  of  charges  that  can  be  repeatedly  exploded  underwater  in  the  vicinity  of  NEMO  Mod  2000 
capsule  without  any  damage  to  the  acrylic  hull  or  its  mounting  in  the  structure  of  the  submersible. 


CHARGE,  lbs.  of  PETN 


Figure  29.  Maximum  weight  of  charges  that  can  be  set  off  underwater  in  the  vicinity 
of  NEMO  Mod  2000  without  fracturing  the  hull.  Such  charges  may,  however,  tear  the 
capsule  from  its  mounting  in  the  structure  of  the  submersible. 


HATCH 


FRAME  OF 
SUBMERSIBLE 


(b)  TWIN-POLE  MOUNTING 


Figure  30.  Typical  mountings  for  NEMO  type  hulls.  The  single-pole  mounting  provides  better  upward 
visibility  and  is  very  suitable  for  emergency  release  of  the  capsule,  while  the  twin-pole  mounting 
provides  a  more  secure  attachment  to  the  frame.  (Sheet  2  of  2) 
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SOFT  ELASTOMERIC 
BEARING  GASKET 

GRP  BEARING  PAD 


COMPRESSED  SPRING 
1000  LBS/INCH  TRAVEL 

TO  COMMON,  AMBIENT 
PRESSURE  COMPENSATED 
OIL  ACCUMULATOR 


Figure  31.  Concept  of  a  mounting  providing  a  secure,  but  shock-mitigating  attachment  to  the  frame. 


APPENDIX 

DESCRIPTION  OF  TEST  SPECIMENS 
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MODEL  J 

Outside  diameter: 

1 5  in. 

Inside  diameter: 

13  in. 

Shell  thickness: 

0.040  -  0.980  in. 

Material: 

Plexiglas  G 

Construction: 

Assembly  of  1 2  thermoformed  pentagons  bonded  with  PS-30 
adhesive  (Fig.  3). 

Penetrations: 

top  —  5.285  in.  minor  diameter  with  48°  included  angle 

bottom  —  4.445  in.  minor  diameter  with  40°  included  angle 

Inserts:  top  -  Type  B  (Fig.  4),  6A14V  titanium 

bottom  Type  A  (Fig.  4),  6A14V  titanium 

Insert  gasket:  top  -  polycarbonate  gasket  (Fig.  4) 

bottom  -  none 

Life  history:  -  Pressure  cycled  1000  times  to  1000  psi  in  tap  water  at  61-74°F 

ambient  temperature.  Typical  pressure  cycle  consisted  of  pressuriz¬ 
ing  to  1000  psi.  holding  at  1000  psi  for  4  hours,  depressurizing  to 
0  psi.  and  relaxing  for  4  hours  at  0  psi. 
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MODEL  K 


Outside  diameter: 

Inside  diameter: 

Shell  thickness: 

Material: 

Construction: 

Penetrations:  top 

bottom 

Inserts:  top 

bottom 

Insert  gasket:  top 

bottom 

Life  history: 


15  in. 

13  in. 

0.935  -  0.975  in. 

Plexiglas  G 

Assembly  of  1 2  thermoformed  pentagons  bonded  with  PS-30 
adhesive  (Fig.  3) 

5.285  in.  minor  diameter  with  48°  included  angle 
4.445  in.  minor  diameter  with  40°  included  angle 

Type  B  (Fig.  4)  6A14V  titanium 
Type  A  (Fig.  4)  6A14V  titanium 

polycarbonate  gasket  (Fig.  4) 
none 

Pressure  cycled  1000  times  to  1500  psi  in  tap  water  at  61-74°F 
ambient  temperature.  Typical  pressure  cycle  consisted  of  pressuriz¬ 
ing  to  1 500  psi,  holding  at  1 500  psi  for  4  hours,  depressurizing  to 
0  psi,  and  relaxing  for  4  hours  at  0  psi. 
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MODEL  M 


Outside  diameter:  15  in. 

Inside  diameter:  13  in. 

Shell  thickness:  0.930  -  0.990 

Material:  Plexiglas  G 

Construction:  Assembly  of  12  thermoformed  pentagons  bonded  with  PS-30 

adhesive  (Fig.  3) 

Penetrations:  top  -  5.285  in.,  minor  diameter  with  48°  included  angle 

bottom  -  4.445  in.,  minor  diameter  with  40°  included  angle 

Inserts:  top  -  Type  B  (Fig.  4).  6A14V  titanium 

bottom  -  Type  A  (Fig.  4),  6AI4V  titanium 

Insert  gasket:  top  -  polycarbonate  gasket  (Fig.  4) 

bottom  -  none 

Life  history:  Pressure  cycled  1056  times  to  500  psi  in  tap  water  at  61-74°F 

ambient  temperature.  Typical  pressure  cycle  consisted  of 
pressurizing  to  500  psi,  holding  at  500  psi  for  4  hours,  depressuriz¬ 
ing  to  0  psi,  and  relaxing  for  4  hours  at  0  psi. 
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MODEL  24 


Outside  diameter:  15  in. 

Inside  diameter:  14  in. 

Shell  thickness:  0.460  —  0.490  in. 

Material:  Plexiglas  G 

Construction:  Assembly  of  12  thermoformed  pentagons  bonded  with  PS- 18 

adhesive  (Fig.  5). 

Penetrations:  top  —  4.793  in.,  minor  diameter  with  40°  included  angle 

bottom  —  4.793  in.,  minor  diameter  with  40°  included  angle 

Inserts:  top  —  Type  C  (Fig.  6),  316  stainless  steel 

bottom  —  Type  C  (Fig.  6),  316  stainless  steel 

Insert  gasket:  top  —  none 

bottom  —  none 

Life  history:  -  Pressure  cycled  1056  times  to  500  psi  in  tap  water  at  61-74°F 

ambient  temperature.  Typical  pressure  cycle  consisted  of  pressuriz¬ 
ing  to  500  psi,  holding  at  500  psi  for  4  hours,  depressurizing  to 
0  psi,  and  relaxing  for  4  hours  at  0  psi. 
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MODEL  25 


Outside  diameter:  1 5  in. 

Inside  diameter:  14  in. 

Shell  thickness:  0.460  -  0.490  in. 

Material:  Plexiglas  G 

Construction:  Assembly  of  12  thermoformed  pentagons  bonded  with  PS-18 

adhesive  (Fig.  5). 

Penetrations:  top  -  5. 1 50  in.,  minor  diameter  with  43°  included  angle 

bottom  -  5.150  in.,  minor  diameter  with  43°  included  angle 

Inserts:  top  -  Type  C  (Fig.  6),  316  stainless  steel 

bottom  -  Spherical  shell  sector,  0.5  in.  thick  with  43°  included  angle,  acrylic 
plastic 

Insert  gasket:  top  -  polycarbonate  gasket,  (Fig.  6) 

bottom  -  none 

Life  history:  -  Pressure  cycled  1056  times  to  500  psi  in  tap  water  at  61-74°F 

ambient  temperature.  Typical  pressure  cycle  consisted  of 
pressurizing  to  500  psi,  holding  at  500  psi  for  4  hours,  depressuriz¬ 
ing  to  0  psi,  and  relaxing  for  4  hours  at  0  psi. 
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MODEL  26 


Outside  diameter:  1 5  in. 

Inside  diameter:  14  in. 

Shell  thickness:  0.460  —  0.500  in. 

Material:  Plexiglas  G 

Construction:  Assembly  of  12  thermoformed  pentagons  bonded  with  PS-18 

adhesive  (Fig.  5) 

Penetrations:  top  -  5.150  in.,  minor  diameter  with  43°  included  angle 

bottom  -  none 

Inserts:  top  -  Spherical  shell  sector,  0.5  in.  thick  with  43°  included  angle,  acrylic 

plastic 

bottom  —  none 

Insert  gasket:  top  -  none 

bottom  -  none  _ - — 

Life  history:  -  Was  not  subjected  to  any  hydrostatic  tests  prior  to  explosive 

testing. 
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MODEL  NEMO  2000 


Outside  diameter: 
Inside  diameter: 

Shell  thickness: 
Material: 

Construction: 

Penetrations:  top 

bottom 

Inserts:  top 

Pottom 

Insert  gasket:  top 

bottom 

Life  history: 


66  in. 

57.900  in. 

4.050  in. 

Plexiglass  G 

Assembly  of  12  thermoformed  pentagons  bonded  with  PS-30 
adhesive  (Fig.  7). 

23.822  in.,  minor  diameter  with  48°30'  included  angle 
2 1 .727  in.,  minor  diameter  with  44°  included  angle 

Working  hatch,  6061-T6  aluminum  (Appendix  A) 
penetration  plate,  6061-T6  aluminum  (Appendix  A) 

polycarbonate  gasket  (Appendix  A) 
polycarbonate  gasket  (Appendix  A) 

Pressure  cycled  one  time  each  to  450  psi,  900  psi,  1350  psi,  and 
1800  psi.  Each  pressure  cycle  consisted  of  pressurizing  to  maxi¬ 
mum  pressure,  holding  at  that  pressure  for  24  hours,  depressurizing 
to  0  psi.  and  relaxing  for  24  hours  at  0  psi. 
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SUMMARY 


Problem 

Manned  submersibles  with  spherical  acrylic  plastic  hulls  have  been  known  since  the 
conception  of  the  Nemo  Hull  in  1961  to  provide  greater  panoramic  vision  at  lower  cost  than 
steel  hulls  of  the  same  shape  and  size  equipped  with  many  small  portholes.  To  utilize  this 
concept  in  Fleet  design,  the  Nemo  Hull  was  officially  approved  for  minimum  depth  dives  to 
600  feet  and  demonstrated  capabilities  to  1000  feet  in  1971.  To  further  benefit  Fleet  opera¬ 
tion,  design  and  fabrication  techniques  were  required  to  ameliorate  fatigue  factors  inherent 
to  structural  joints  between  plastic  and  metal  parts  and  thereby  achieve  the  maximum  oper¬ 
ating  depth  allowed  by  the  physical  properties  of  acrylic  plastic. 

Results 

Successive  technological  innovations  have  yielded  three  Nemo  Hull  designs  that  can 
be  incorporated  into  existing  or  planned  submersible  systems  for  certified  man-rated  opera¬ 
tion  to  ocean  depths  of  1000,  2000,  and  3000  feet.  New  hatch  design  details  have  decreased 
bending  moments  at  metallic  hatch/acrylic  hull  interface  and  the  use  of  polycarbonate  gas¬ 
kets  in  the  acrylic  plastic  hatch  seat  has  eliminated  shear  cracking.  The  latest  of  the  Nemo 
Hull  series.  Model  2000,  has  a  66-inch  outside  diameter  and  a  58-inch  inside  diameter  that 
yields  a  fatigue  life  of  1 2,000,000  feet  hours  over  a  projected  1 0-year  life  span  and  is  capable 
of  operation  to  the  maximum  depth  allowed  by  the  properties  of  acrylic  plastic. 

Recommendations 

The  Model  2000  Nemo  Hull  is  recommended  for  manned  operation  at  depths  to 
3000  feet.  This  latest  design  can  now  provide  the  Navy  with  a  transparent  hull  for  a  wide 
variety  of  applications  in  undersea  warfare,  search,  salvage,  surveillance,  and  recovery  missions. 


iii 


DEFINITION  OF  TERMS 


ASTM 

critical  pressure 
ft 

hoop  stress 

ID 

in 

longitudinal  stress 

NCEL 
Nemo  Hull 


OD 

PMR 

psi 

Ri 

Ro 

short-term  pressure 
t 


American  Society  for  Testing  of  Materials 

external  hydrostatic  pressure  at  which  catastrophic  failure  of  the 
pressure  hull  takes  place 

feet;  equals  30.48  cm 

principal  membrane  stress  oriented  at  right  angles  to  the  longitu¬ 
dinal  stress 

inside  diameter  of  acrylic  sphere 
inches;  equals  2.54  centimeters 

principal  membrane  stress  whose  direction  passes  through  poles 
of  the  sphere 

Naval  Civil  Engineering  Laboratory,  Port  Hueneme,  CA 

Acrylic  plastic  hull  with  one  atmosphere  interior  for  manned  sub- 
mersibles  with  the  following  primary  characteristics: 

( 1 )  spherical  shape 

(2)  modular  assembly  of  bonded  pentagons 

(3)  polar  openings  closed  by  inserts,  a  hatch  at  the  top  and  a 
plate  at  the  bottom 

(4)  bearing  surfaces  on  metallic  hatch  form  a  spherical  angle 
whose  apex  is  at  the  sphere 

outside  diameter  of  acrylic  sphere 

Pacific  Missile  Range,  Point  Mugu,  CA 

pounds  per  square  inch;  equals  0.070  kg/cm^ 

inside  diameter  of  acrylic  sphere 

outside  diameter  of  acrylic  sphere 

pressurization  at  1 00  psi/minute  rate 

thickness  of  acrylic  sphere 
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INTRODUCTION 


The  idea  of  transparent  pressure  hulls  for  manned  submersible  operation  became  a 
reality  in  1968  with  the  successful  fabrication  of  the  first  full  scale  Nemo  Hull  shown  in 
Figure  1 .  Since  then,  acrylic  plastic  pressure  hulls  of  spherical  shape  have  demonstrated 
competitive  cost,  unsurpassed  panoramic  visibility,  and  a  large  depth  safety  margin,  which 
has  given  the  Navy  a  cost-effective  solution  to  submersible  hull  design. 

Testing  and  evaluation  of  models  and  full  scale  Nemo  Hulls  continued  until  in  1970 
the  Model  600  Nemo  Hull  was  officially  approved  by  the  U.  S.  Navy  for  manned  operation 
to  600  feet,'  although  it  demonstrated  capabilities  to  1000  feet,  as  pictured  in  operation  in 
Figure  2.  At  that  time,  Nemo’s  endurance  range  beyond  the  standard  1000-foot  minimum 
was  inhibited  by  stress  limitations  inherent  to  joints  between  the  acrylic  hull  and  metallic 
hatches."*^  Further  design  studies  were  initiated  to  relieve  this  fatigue  factor  and  extend 
the  depth  limit  of  the  Nemo  Hull  to  the  maximum  allowed  by  physical  properties  of  the 
material  for  future  work  in  deep  ocean  environments. 

Subsequent  work  efforts  during  1971-1972  resulted  in  the  Model  1000  Nemo  Hull 
with  an  optimized  aluminum  hatch  and  aluminum  seating  ring  assembly.  This  model  has 
been  designed  and  stress  analyzed  for  safe  operations  to  2000  feet.  Both  Models  600  and 
1000  Nemo  Hulls  are  recommended  as  cost-effective  transparent  hulls  for  submersible  oper¬ 
ations  to,  respectively,  1 000  and  2000  feet. 

The  apex  of  development  for  the  Nemo  Hull  culminated  in  1974  with  the  Model 
2000.  the  presentation  of  which  is  the  purpose  of  this  report.  The  results  of  experimental 
and  analytical  studies  are  presented  for  this  acrylic  plastic  pressure  hull,  which  is  capable  of 
manned  submersible  operation  at  depths  to  3000  feet  for  at  least  1000  times  without  fatigue 
cracks.  The  Model  2000  Nemo  Hull  provides  the  maximum  safe  operational  depth  with 
minimum  weight  to  displacement  and  cost/depth  ratios  for  use  with  manned  submersibles 
in  undersea  warfare,  search,  salvage,  surveillance  and  recovery  missions  to  3000  feet. 

New  design  techniques  and  fabrication  procedures  are  presented  along  with  docu¬ 
mented  test  results.  The  main  body  of  the  report  is  concise  but  terse  to  afford  the  reader 
a  summary  of  study  highlights.  A  more  detailed  description  of  design  studies,  fabrication 
procedures,  and  hydrostatic  tests  are  presented  in,  respectively,  Appendixes  A,  B,  C,  and  D. 
The  report  documents  a  major  breakthrough  in  technology  for  submersible  hulls  with  pan¬ 
oramic  visibility. 


BACKGROUND 

The  failure  of  an  acrylic  plastic  spherical  Nemo  Hull  can  occur  in  three  ways.  The 
hull  can  implode  instantaneously  because  of  overpressurization  accompanying  the  cata¬ 
strophic  loss  of  the  depth  control  system  n  a  submersible;  this  type  of  failure  is  classified 
as  short  term  failure  and  the  pressure  at  v.  nich  the  failure  occurs  as  short  term  critical  pres¬ 
sure.  The  hull  can  also  implode  after  it  has  been  subjected  for  a  long  period  of  time  to  a 
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depth  which  is  greater  than  the  operational  pressure,  but  less  than  the  short  term  critical 
pressure.  This  type  of  failure  is  classified  as  long  term  creep  failure.  Finally,  the  failure  of 
the  hull  can  be  initiated  by  cracks  resulting  from  repeated  dives  to  operational  depth;  this 
type  of  failure  is  classified  as  fatigue  failure. 

Previous  experimental  studies  have  already  generated  the  data  for  prediction  of  short 
term  and  long  term  creep  failures  in  Nemo  Hulls  with  t/D0  ratios  in  the  0.015-0.017,  0.03, 
0.047-0.05  and  0.064-0.67  ranges.^  In  conjunction  with  short  term  and  long  term  implo¬ 
sion  studies  some  data  was  also  generated  on  the  initiation  of  fatigue  cracks  in  the  acrylic 
bearing  surfaces  for  metallic  hatches  on  hulls  with  t/D0  ratios  in  the  0.03-0.035  range  (refer¬ 
ences  2,  3,  4,  5).  On  the  basis  of  that  data  it  was  concluded  that  for  all  practical  applications 
in  acrylic  plastic  Nemo  Hulls  the  operational  depth  limitation  is  imposed  primarily  by  the 
fatigue  life  of  acrylic  bearing  surfaces  supporting  the  metallic  hatch.  It  is  this  fatigue  life  that 
imposes  the  1000-foot  operational  depth  limit  on  the  2.5-inch  thick  Model  600  Nemo  Hull 
assembly  and  the  2000-foot  limit  on  the  nominally  4-inch  thick  Model  1000  Nemo  Hull;  the 
fatigue  life  being  in  both  cases  1000  dives  of  4  hour  duration  each  to  the  maximum  opera¬ 
tional  depth  without  initiation  of  fatigue  cracks. 

Since  the  short  term  collapse  depth  of  the  nominally  2.5-inch  thick  hull  is  4150  feet 
ai.v.  of  the  nominally  4-inch  thick  hull  is  10,000  feet,  there  was  no  doubt  that  there  existed 
a  sufficient  reservoir  of  potential  structural  strength  to  warrant  research  on  improving  the 
fatigue  life  of  the  hatch/hull  interface.  The  effort  to  improve  the  fatigue  life  of  Nemo  Hulls 
was  focused  primarily  on  the  Model  1000  Nemo  Hull  with  a  nominal  4-inch  wall  thickness,^ 
as  the  potential  operational  depth  improvement  appeared  to  be  higher  here  than  in  the  Model 
600  Nemo  Hull  with  a  nominal  2.5-inch  thickness. 


DISCUSSION 

The  objective  of  the  study  was  to  maximize  the  operational  depth  of  the  66-inch 
diameter  Nemo  Hull  with  a  4-inch  nominal  wall  thickness  and  maintain  the  minimum  1000 
cycle  fatigue  life  requirement  specified  for  all  acrylic  plastic  hulls.^ 

The  approach  selected  was  to  (1)  redesign  the  top  and  bottom  aluminum  inserts, 

(2)  redesign  the  interface  between  the  insert  and  the  hull,  and  (3)  imprbve  the  fabrication 
process  for  the  hull.  All  of  the  modifications  to  the  Nemo  Hull  design  were  to  be  evaluated 
experimentally  and  analytically. 

The  scope  was  to  limit  the  study  to  two  acrylic  hull  sizes;  the  66-inch  diameter, 
4-inch  thick,  full  scale  operational  hull  and  the  15-inch  diameter,  1-inch  thick  model  scale 
hull.  The  cyclic  fatigue  tests  and  the  short  term  implosion  tests  were  performed  on  the 
1 5-inch  diameter  model  scale  hulls  while  the  experimental  determination  of  stress  distribu¬ 
tion  and  comparison  with  analytical  stress  calculations  were  conducted  on  the  66-inch 
diameter  full  scale  operational  hull. 


DESIGN  OF  POLAR  INSERTS 


Although  the  existing  design  for  polar  inserts  in  the  66-inch  diameter,  nominally 
4-inch  thick  Model  1000  Nemo  Hull  incorporated  on  the  JOHNSON  SEA-LINK  submersible  ^ 
was  satisfactorily  tested  to  a  prooftest  of  2000  feet,  without  yielding  and  probably  could  be 
used  to  greater  depths,  it  contained  a  large  number  of  undesirably  high  stress  concentrations 
and  thus  was  considered  questionable  for  3000-foot  service.  For  a  minimal  cost,  these 
hatches  were  modified  for  safe  operation  to  3000  feet. 

The  redesign  of  existing  aluminum  polar  inserts  for  the  66-inch  diameter,  4-inch 
thick  hull  (currently  in  service  with  the  JOHNSON  SEA-LINK  submersible;  see  Ref.  7)  con¬ 
sisted  of  redistributing  the  metal  in  the  hatch  and  penetration  plate  so  that  the  resultant  of 
compressive  membrane  stresses  in  the  acrylic  hull  would  pass  as  close  as  possible  to  the 
centroid  of  the  insert  and  thus  generate  only  moderate  bending  moments  in  the  insert;  see 
Figure  3.  A  more  detailed  description  of  system  design  including  schematic  drawings  is  pre¬ 
sented  in  Appendix  A. 

The  new  hull  assembly  was  stress  analyzed  utilizing  the  finite  element  stress  analysis 
program  for  arbitrary  axisymmetric  structures,  called  ZP-13,^  as  illustrated  in  Figure  4. 

For  this  program  the  top  hatch  was  idealized  into  244  nodes  and  399  elements,  as 
shown  in  Figure  5,  while  the  bottom  plate  was  idealized  into  228  nodes  and  367  elements, 
shown  in  Figure  6.  The  maximum  stresses  in  the  aluminum  hatch  and  bottom  plate  were 
calculated  to  occur  at  the  central  penetrations  and  at  the  junctions  between  the  spherical 
aluminum  shells  and  the  circular  flanges  (again  see  Figs.  5  and  6).  The  highest  stress  in  the 
plastic  hull  was  predicted  to  occur  on  the  interior  surface  at  the  point  of  contact  between 
the  aluminum  flanges  and  the  polycarbonate  gasket. 

The  magnitude  of  the  peak  principal  stresses  in  the  top  and  bottom  aluminum  inserts 
when  operating  at  a  depth  of  3000  feet  was  predicted  to  be  24,250  and  25,400  psi,  respec¬ 
tively  (values  derived  from  extrapolation  of  stresses  shown  in  Figs.  5  and  6).  In  both  cases 
the  peak  principal  stresses  were  located  on  the  inside  of  the  central  hatch  penetrations. 

These  peak  compressive  hoop  stresses  were  not  considered  dangerous  at  that  location  since 
the  steel  bulkhead  penetrators  would  serve  as  reinforcements  and  carry  some  of  the  com¬ 
pressive  stresses.  The  stresses  at  the  juncture  between  the  spherical  surfaces  on  the  hatch  and 
bottom  plate  and  their  flanges  were  also  substantial  (20,000-23,000  psi),  but  they  were  well 
below  the  yielding  point  of  aluminum.  From  an  extrapolation  of  the  stress  values  shown  in 
Figures  7  and  8,  the  maximum  compressive  stress  in  the  plastic  hull  was  predicted  to  be 
longitudinal  and  of  1 0,900  psi  magnitude.  These  stress  levels  were  considered  acceptable 
for  operation  of  the  manned  Model  2000  Nemo  Hull  submersible  to  3000  feet  since  the 
associated  calculated  safety  factors,  based  on  yielding  of  the  aluminum  and  acrylic  plastic, 
were  approximately  1 .5  for  both  materials. 

DESIGN  OF  INSERT/HULL  INTERFACE 

The  insert/hull  interface  successfully  utilized  in  existing  acrylic  plastic  submersibles 
NEMO,  MAKAKAI,  and  JOHNSON  SEA-LINK  #1,  consisted  of  direct  contact  between  the 
metallic  insert  flange  and  the  acrylic  plastic.^"' '  Since  the  orientation  of  the  interface 
was  radial,  shear  stresses  were  minimized.  Still,  because  of  differences  in  structural  rigidity 
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between  the  metallic  inserts  and  the  plastic  hull,  some  differential  movement  between  the 
inserts  and  the  acrylic  hull,  as  well  as  bending  of  the  hull,  takes  place  which  causes  shear 
cracks  to  appear  in  those  areas  of  the  acrylic  plastic  that  come  in  contact  with  the  metallic 
inserts. 

There  were  two  options  available  for  elimination  of  the  shear  cracks.  One  feasible 
approach  was  to  replace  the  metallic  inserts  with  discs  made  of  acrylic  plastic  with  the  same 
rigidity  and  compressibility  as  the  plastic  hull.  The  other  approach  was  to  place  a  compliant 
gasket  between  the  rigid  metallic  insert  and  the  limber  plastic  hull.  Of  these  two  approaches, 
the  use  of  gaskets  was  operationally  more  appealing  as  it  allowed  the  retention  of  operation¬ 
ally  proven  metallic  inserts  with  the  desirable  high  heat  transfer  coefficients.  This  left  only 
the  selection  of  the  right  type  and  thickness  of  gasket. 

The  gasket  finally  selected  for  the  Model  2000  Nemo  Hull  assembly  was  one-inch 
thick  polycarbonate  plastic  (see  Fig.  3,  Appendix  A).  Polycarbonate  plastic  was  chosen 
because  of  its  toughness,  resistance  to  crack  propagation,  and  modulus  of  elasticity  that 
matches  that  of  acrylic  plastic.  Because  of  the  1-inch  wall  thickness,  the  gasket  possessed 
sufficient  inherent  structural  strength  to  prevent  it  from  being  extruded  into  the  hull  interior 
by  outside  hydrostatic  pressure.  Also,  the  circumferential  flange  on  the  exterior  edge  of  the 
gasket  serves  as  a  seal  retainer,  which  keeps  the  water  from  entering  the  joint  between  the 
polycarbonate  gasket  and  the  acrylic  plastic  hull.  The  seal  consisted  of  room  temperature 
vulcanizing  silicone  rubber  dispensed  from  a  tube  into  the  space  between  the  gasket  flange 
and  the  acrylic  hull. 


IMPROVEMENT  OF  FABRICATION  PROCESS 

The  fabrication  process^"  developed  for  the  first  acrylic  plastic  Nemo  submersible ^ 
was  also  used  in  the  fabrication  of  the  acrylic  plastic  hulls  for  MAKAKAl^  and  the  JOHN¬ 
SON  SEA-LINK^  and  focused  primarily  on  the  attainment  of  tight  dimensional  tolerances 
for  the  sphericity  of  the  hull  exterior.  The  variation  in  thickness  of  individual  spherical 
pentagon  modules  remained  a  function  of  commercial  casting  tolerances  for  individual 
plates.  Because  of  this  dependency,  the  thickness  of  individual  spherical  pentagons  varied 
as  much  as  ±0.250  of  an  inch. 

The  large  variation  in  thickness  was  acceptable  so  long  as  it  was  economically  accept¬ 
able  to  rate  the  operational  depth  capaoility  of  a  Nemo  Hull  on  the  basis  of  minimum  hull 
thickness,  and  the  mismatch  in  thickness  between  individual  spherical  pentagons  was  not 
considered  optically  objectionable.  However,  when  emphasis  was  placed  on  cost  effective¬ 
ness  of  the  acrylic  hull  as  a  structure  and  as  an  optical  system,  it  became  economically 
untenable  to  tolerate  such  a  large  variation  in  wall  thickness.  The  thicker  portions  of  the 
hull  would  have  constituted  additional  ballast  that  detracted  from  the  payload  and  added 
nothing  to  the  depth  capability.  In  addition,  the  mismatches  in  thickness  between  individual 
spherical  pentagons  would  have  created  a  noticeable  optical  distortion  for  the  crew  of  the 
vehicle. 


Obviously,  the  key  to  uniformity  of  wall  thickness  was  to  use  thick  acrylic  plastic 
spherical  pentagons  of  uniform  thickness  in  the  construction  of  the  hull.  Basically,  there 
were  three  techniques  available  for  attainment  of  uniformly  thick  spherical  pentagons: 

(1)  custom  casting  of  acrylic  plates  to  very  tight  dimensional  tolerances,  (2)  grinding 
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off-the-shelf  acrylic  plates  to  a  uniform  thickness,  and  (3)  grinding  spherical  sectors  to  uni¬ 
form  curvature  and  thickness  after  thermoforming  of  plates.  Of  these  three  techniques  the 
last  one  was  found  to  produce  the  smallest  thickness  variation  at  approximately  the  same  or 
less  cost  than  required  by  the  other  techniques.  The  tolerances  on  hull  thickness  attained  by 
grinding  of  formed  spherical  sectors  were  ±0.050  inches. 


FABRICATION 


Full  Scale  Assembly 


Acrylic  Hull 

The  66-inch  OD  X  58-inch  ID  Model  2000  acrylic  plastic  Nemo  Hull  (see  Figs.  9  and 
10)  was  fabricated  by  Swedlow,  Inc.,  basically  in  the  same  manner  as  the  previously  built 
Nemo  Hulls.'  ^  The  only  improvements  over  the  previous  fabrication  technique  were  the 
contour  grinding  of  formed  spherical  sectors  and  placement  of  adhesive  into  the  joints 
between  spherical  pentagons  by  means  of  hydrostatic  pressure.  Fabrication  techniques, 
dimensional  drawings,  and  relevant  contract  correspondence  are  presented  in  Appendix  B. 

Acrylite®  plates  manufactured  by  Monsanto  served  as  basic  construction  material. 

The  stringent  material  quality  control  procedures  developed  by  NCEL  and  PMR  for  the  pro¬ 
totype  Model  600  Nemo  Hull  were  applied  here  also.^  Testing  of  material  specimens  showed 
that  the  4.125  nominally  thick  Acrylite  met  the  physical  properties  criteria  listed  in  Table  1, 
as  established  by  the  Navy  for  acrylic  plastic  windows  and  pressure  hulls  in  manned  service. 2-5 

Because  of  improved  fabrication  techniques,  not  as  many  dimensional  tolerances 
were  required  in  building  the  Model  2000  Nemo  Hull  as  were  required  for  the  Model  1000 
Nemo  Hull  fabricated  for  the  JOHNSON  SEA-LINK  submersible. ^  Thus,  whereas  the  Model 
1000  Nemo  Hull  thickness  varied  from  3.844  to  4.030  inches,  the  Model  2000  Nemo  Hull 
varied  only  from  4.000  to  4.100  inches.  Similarly,  whereas  the  sphericity  of  Model  1000 
Nemo  Hull  varied  from  66.250  to  65.800,  the  Model  200^  Nemo  Hull  varied  only  from 
66.095  to  65.900  inches.  Assembly  dimensions  for  the  Nemo  Model  2000  are  listed  in 
Table  2. 

The  only  area  that  did  not  realize  a  significant  improvement  in  the  fabrication  proc¬ 
ess  was  the  bonding  of  joints  between  individual  pentagons.  A  comparison  of  the  5456  to 
7804  psi  bond  strength  achieved  for  the  4-inch  thick  Model  1000  Nemo  Hull^  with  that  of 
the  5 1 23  to  91 1 6  psi  bond  strength  attained  for  the  Model  2000  Nemo  Hull  indicates  that 
the  strength  of  bonded  joints  in  both  hulls  is  about  the  same.  This  holds  true  also  for  the 
quality  of  the  joint.  Both  the  number  and  size  of  inclusions  was  about  the  same  as  shown 
in  Figure  1  1  a  and  b.  This  indicates  that  although  the  technique  of  emplacing  the  adhesive 
into  the  joint  and  the  polymerization  regimen  have  been  drastically  changed  since  the  fabri¬ 
cation  of  the  first  Model  600  Nemo  Hull  in  1968^  the  performance  of  the  bonded  joint  has 
not.  Since  the  entire  Nemo  Hull  is  under  compression  when  submerged  to  operational  depth, 
very  little  incentive  exists  to  effect  further  improvements  in  the  tensile  qualities  of  the  joints. 
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Table  1.  Physical  Properties  of  Acrylic  Plastic  Hull 
for  66  Inch  OD  X  58  Inch  ID  Nemo  Model  2000 


.  Properties  of  Plastic* 

ASTM  D-638 

Minimum 

A  verage 

Maximum 

Ultimate  Tensile  Strength,  psi 

9,545 

10,972 

12,331 

Elongation,  percent 

3.0 

5.291 

7.0 

Modulus  of  Elasticity,  psi 

ASTM  D-790 

428,000 

465,583 

505,000 

Ultimate  Flexural,  psi 

15,238 

17,736 

18,686 

Modulus  of  Elasticity,  psi 

ASTM  D-732 

415,000 

463,125 

487,000 

Ultimate  Shear  Strength,  psi 

ASTM  D-695 

9,880 

10,088 

11,500 

Compressive  yield,  psi 

17,700 

18,416 

19,600 

Compressive  modulus,  psi 

ASTM  D-621 

500,000 

520,416 

570,000 

Deformation  under  load; 

4000  psi,  122°F  for  24  hours 

!.  Properties  of  bonded  joints*  * 

ASTM  D-638 

0.42 

0.55 

0.72 

Ultimate  tensile  strength,  psi 

5,123 

7,815 

9,116 

-  i  1 

*Total  of  120  specimens  taken  from  12  acrylic  plastic  plates  with  4.125  X  48  X  60  inches 
nominal  dimensions. 

**Total  of  1 2  specimens  taken  from  test  blocks  bonded  for  quality  control  purpose. 
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Table  2.  Dimensions  of  the  66  Inch  OD  X  58  Inch  ID  Hull 
for  Nemo  Model  2000  Assembly 


1.  Individual  Pentagons 


Thickness*  Contour  Deviation** 


Pentagon 

Maximum 

Minimum 

Maximum 

Minimum 

A 

4.070 

4.035 

0.075 

0.005 

B 

4.075 

4.040 

0.070 

0.010 

C 

4.070 

4.020 

0.070 

0.010 

D 

4.100 

4.050 

0.100 

0.030 

E 

4.070 

4.050 

0.070 

0.010 

F 

4.110 

4.005 

0.040 

0.020 

G 

4.060 

4.030 

0.150 

0.050 

H 

4.065 

4.010 

0.100 

0.020 

I 

4.090 

4.060 

0.100 

0.010 

J 

4.070 

4.050 

0.100 

0.020 

K 

4.050 

4.000 

0.100 

0.020 

L 

4.030 

4.000 

0.090 

0.010 

Sphere  Assembly 

Spherical  Deviations 

Maximum 

Minimum 

Total  of  5  Measurements 

-0.100 

+0.095 

*Total  of  6  measurements  per  pentagon 
**Total  of  5  measurements  per  pentagon 


Metallic  Polar  Inserts 

The  top  hatch,  top  hatch  ring,  and  bottom  plate  for  the  66-inch  OD  hull  were  fabri¬ 
cated  by  machining  6061-T6  aluminum  forgings,  as  pictured  in  Figures  12a,  b  and  13a,  b 
(also  see  Appendix  B).  Material  quality  control  of  the  aluminum  forgings  indicated  a  com¬ 
pressive  yield  strength  of  36,300  psi  and  ultimate  compressive  strength  of  43,100  psi.  Spe¬ 
cial  attention  was  paid  to  the  machining  of  beveled  seal  seating  surfaces  to  assure  positive 
sealing  and  good  bearing  contact. 
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Polycarbonate  Bearing  Gasket 

The  bearing  gaskets  shown  in  Figure  14  between  the  metallic  polar  inserts  and  acrylic 
plastic  hull  were  machined  from  polycarbonate  plastic  plates.  Material  quality  control  of  the 
polycarbonate  plates  used  as  machining  stock  showed  that  the  material  was  acceptable  for 
this  application.  The  physical  properties  are  summarized  in  Table  3. 


Table  3.  Physical  Properties  of  Polycarbonate  Plastic  Gaskets 
for  66  Inch  OD  X  58  Inch  ID  of  Nemo  Model  2000 


ASTM  D-638 

Minimum 

A verage 

Maximum 

Ultimate  Tensile  Strength,  psi 

6,640 

7,170 

7,690 

Elongation,  percent 

2.3 

2.6 

2.8 

Modulus  of  Elasticity,  psi 

320,000 

320,000 

320,000 

ASTM  D-790 

Ultimate  Flexural,  psi 

ASTM  D-732 

1 1 ,700 

11,900 

12,000 

Ultimate  shear  strength,  psi 

10,400 

10,400 

10,400 

ASTM  D-695 

Compressive  yield,  psi 

12,500 

12,800 

13,000 

Compressive  modulus,  psi 

360,000 

370,000 

380,000 

ASTM  D-621 

Deformation  under  load, 
percent  4000  psi,  122°F  for 

24  hours 

0.12 

0.13 

0.14 

ASTM  D-256 

Izod  impact  strength 

ASTM  D-570 

0.67 

0.76 

0.85 

Water  absorption,  percent 

24  hours 

0.14 

0.15 

0.15 
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Since  a  polycarbonate  plate  of  6-inch  thickness  is  currently  not  fabricated  by  indus¬ 
try,  several  half-inch  thick  plates  were  bonded  together  to  form  a  6-inch  thick  block. 
Although  the  bonding  was  performed  by  General  Electric,  the  developer  of  polycarbonate 
plastic,  the  quality  and  strength  of  the  joints  were  less  than  of  the  parent  material.  Addi¬ 
tional  efforts  by  Southwest  Research  Institute  (SWR1)  were  made  to  improve  the  bonding 
technique,  although  these  too  failed  to  yield  perfect  joints.  However,  in  view  of  the  fact  that 
the  gasket  is  in  compression  when  incorporated  into  the  Model  2000  Nemo  Hull  assembly, 
less  than  perfect  bonded  joints  were  considered  as  acceptable  for  compressive  loading  service. 


Scale  Model  Assembly 


Acrylic  Hull 

The  1 5-inch  OD  X  1 3-inch  ID  acrylic  plastic  hulls  were  fabricated  by  the  Technical 
Support  Department  of  the  Pacific  Missile  Range;  Figure  15  pictures  one  of  these  hulls.  The 
same  thermoforming,  machining,  and  bonding  techniques  were  used  to  fabricate  this  scale 
model  as  were  used  in  the  fabrication  of  prototype  models  developed  for  the  Nemo  research 
program  in  1965.^  Quality  control  of  acrylic  plastic  and  of  bonded  joints  showed  that  the 
scale  model  materials  met  the  same  specifications  as  did  the  full  scale  66-inch  diameter  hull. 
Four  scale  models  have  been  fabricated. 

Metallic  Polar  Inserts 

The  polar  inserts  for  the  1 5-inch  OD  model  scale  hulls  were  fabricated  by  machining 
aluminum  and  titanium  forgings  (see  Appendix  A).  The  6061 -T6  aluminum  inserts  were 
structural  scale  models  of  the  aluminum  polar  inserts  in  the  66-inch  diameter  hull;  see  Fig¬ 
ures  16a,  b  and  17a,  b.  The  Ti-6A1-4V  titanium  inserts  shown  in  Figure  18a,  b,  c,  d  repre¬ 
sented  simplified  scale  models  of  an  alternate  design  for  the  66-inch  OD  hull  polar  inserts, 
except  that  titanium  was  utilized  instead  of  aluminum. 


Polycarbonate  Bearing  Gaskets 

The  polycarbonate  bearing  gaskets  (see  Appendix  A)  were  machined  from  1-inch 
thick  polycarbonate  plates  (Lexan  CP-438).  Common  machine  shop  practices  were  used  to 
achieve  the  desired  finish  and  tolerances. 
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TEST  PROGRAM 


Model  Scale  Hulls 


Static  Tests 

One  15-inch  OD  X  13-inch  ID  scale  model  hull,  shown  in  Figure  19,  was  subjected  to 
a  series  of  hydrostatic  tests  which  culminated  in  the  implosion  of  the  hull.  The  objectives 
of  the  static  tests  were  to  (1)  establish  the  validity  of  aluminum  hatch  design  for  ocean 
depth  operation  to  3000  feet,  (2)  measure  the  stress  wave  emissions  of  the  acrylic  hull, 

(3)  measure  the  creep  of  the  hull  at  depths  to  3000  feet,  and  (4)  determine  the  short  term 
implosion  depth  of  the  Model  2000  Nemo  Hull  assembly.  To  accomplish  these  objectives 
the  scale  model  of  the  Model  2000  Nemo  Hull  was  instrumented  with  10  electric  resistance 
strain  gages  and  an  acoustic  transducer  with  a  1 60  kHz  response  capability,  as  shown  in 
Figure  20. 

Static  tests  were  conducted  at  a  room  temperature  range  between  70-75°F  in  the 
pressure  test  facilities  of  the  Southwest  Research  Institute,  San  Antonio,  Texas. 

1.  Pressurize  the  15-inch  OD  X  13-inch  ID  Nemo  Model  34  to  1350  psi  at 
100  psi/minute  rate,  hold  for  4  hours  at  that  pressure,  depressurize  at 
100  psi/minute  rate  to  0  psi,  allow  to  relax  for  4  hours  prior  to  next  test. 

2.  Pressurize  the  15-inch  OD  X  13-inch  ID  Nemo  Model  34  to  900  psi  at 
100  psi/minute  rate,  hold  for  4  hours  at  that  pressure,  depressurize  at 

1 00  psi/minute  rate  to  0  psi,  allow  to  relax  for  4  hours  prior  to  next  test. 

3.  Pressurize  the  15-inch  OD  X  13-inch  ID  Nemo  Model  34  to  implosion  at 
1 00  psi/minute  rate. 


Cyclic  Tests 

Three  15-inch  OD  X  13-inch  ID  Nemo  Hull  scale  models  were  subjected  to  a  series 
of  pressure  cycling  tests.  The  objective  of  the  pressure  cycling  tests  was  to  establish  ( 1 )  the 
fatigue  life  of  bearing  surfaces  in  acrylic  plastic  hulls  that  are  in  direct  contact  with  metallic 
polar  inserts  and  (2)  the  fatigue  life  of  bearing  surfaces  in  acrylic  plastic  hulls  that  are  not  in 
direct  contact  with  the  metallic  polar  inserts  but  interface  through  a  polycarbonate  bearing 
gasket;  an  assembly  drawing  of  these  contact  points  is  shown  in  Figure  21 .  To  achieve  these 
objectives,  the  bearing  surfaces  of  the  acrylic  hulls  were  to  be  inspected  at  the  conclusion  of 
the  pressure  cycle  tests. 

Pressure  cycling  of  the  scale  model  consisted  of  a  series  of  tests  conducted  at  a  room 
temperature  range  between  70-75°F  in  the  pressure  test  facilities  of  the  Naval  Civil  Engineer¬ 
ing  Laboratory  (NCEL),  Port  Hueneme,  California,  performed  as  follows. 

1.  Pressurize  the  15-inch  OD  X  13-inch  ID  Nemo  Model  No.  35  to  500  psi 
at  100  psi/minute  rate;  hold  at  this  pressure  for  4  hours;  depressurize  at 
1 00  psi/minute  rate  to  zero  and  relax  at  that  pressure  for  4  hours  before 
initiating  the  next  pressure  cycle.  Repeat  the  pressure  cycle  1 000  times. 
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2.  Pressurize  the  15-inch  OD  X  13-inch  ID  Nemo  Model  No.  36  to  1000  psi 
at  100  psi/minute  rate;  hold  at  this  pressure  for  4  hours,  depressurize  at 
100  psi/minute  rate  to  zero  and  relax  at  that  pressure  for  4  hours  before 
initiating  the  next  pressure  cycle.  Repeat  the  pressure  cycle  1000  times. 

3.  Pressurize  the  15-inch  OD  X  13-inch  ID  Nemo  Model  No.  37  to  1500  psi 
at  100  psi/minute  rate;  hold  at  this  pressure  for  4  hours;  depressurize  at 
100  psi/minute  rate  to  zero  and  relax  at  this,  pressure  for  4  hours  before 
initiating  the  next  pressure  cycle.  Repeat  the  pressure  cycle  1 000  times. 

Full  Scale  Hull 

Static  Tests 

The  66-inch  OD  X  58-inch  ID  full  scale  Model  2000  Nemo  Hull  assembly  was  sub¬ 
jected  to  a  series  of  hydrostatic  tests  at  SWR1,  which  culminated  with  a  4000-foot  depth 
proof  test;  Figure  22  pictures  the  Model  2000  Nemo  Hull  with  the  SWR1  pressure  vessel. 

The  objectives  of  the  static  tests  were  to  ( 1 )  establish  experimentally  the  strains  and  stresses 
imposed  on  the  Model  2000  Nemo  Hull  assembly  at  a  3000-foot  operational  depth  for  com¬ 
parison  with  the  analytically  generated  data  and  (2)  prove  that  the  full  scale  Model  2000 
Nemo  Hull  assembly  could  withstand  pressures  to  a  depth  of  3000  feet  without  permanent 
deformation.  To  accomplish  these  objectives,  strains  were  to  be  recorded  during  all  of  the 
tests  at  20  locations;  the  location  of  the  strain  gages  on  the  Model  2000  Nemo  Hull  is  shown 
in  Figure  23. 

The  static  test  series  consisted  of  the  following  tests  conducted  at  a  room  tempera¬ 
ture  which  ranged  between  65-75°F  in  the  pressure  test  facilities  of  the  Southwest  Research 
Institute,  San  Antonio,  Texas: 

1 .  Pressurize  to  450  psi  at  1 00  psi/minute  rate,  hold  at  that  pressure  for  24 
hours,  depressurize  to  0  psi  at  1 00  psi/minute  rate,  and  relax  at  that 
pressure  for  24  hours  prior  to  beginning  of  next  test. 

2.  Pressurize  to  900  psi  at  100  psi/minute  rate,  hold  at  that  pressure  for  24 
hours,  depressurize  to  0  psi  at  1 00  psi/minute  rate,  and  relax  at  that 
pressure  for  24  hours  prior  to  beginning  of  next  test. 

3.  Pressurize  to  1 350  psi  at  1 00  psi/minute  rate,  hold  at  that  pressure  for 
24  hours,  depressurize  to  0  psi  at  100  psi/minute  rate,  and  relax  at  that 
pressure  for  24  hours  prior  to  beginning  of  next  test. 

4.  Pressurize  to  1 800  psi  at  1 00  psi/minute  rate,  hold  at  that  pressure  for 
24  hours,  depressurize  to  0  psi  at  100  psi/minute  rate,  and  relax  at  that 
pressure  for  24  hours  prior  to  beginning  of  next  test. 

No  cyclic  tests  were  performed  on  the  full  scale  Model  2000  Nemo  Hull  assembly. 


II 


TEST  OBSERVATIONS 


Model  Scale  Tests 


Stresses 


The  15-inch  OD  X  13-inch  ID  Nemo  Model  34  assembly  performed  satisfactorily  at 
simulated  depths  to  3000  feet.  The  highest  measured  principal  stress  of  -5086  psi  in  the 
acrylic  hull  was  on  the  interior,  located  at  the  edge  of  the  top  polar  opening  (0.500  inches 
away  from  aluminum  hatch)  and  orientated  along  the  meridian  of  the  sphere;  recorded  stress 
values  are  listed  in  Table  4  (also  see  Figure  19).  It  is  worth  noting,  however,  that  its  magni¬ 
tude  was  approximately  only  10  percent  larger  than  the  average  stress  of  -4642  psi  measured 
at  the  equator  on  the  interior  of  the  sphere.  This  can  be  explained  by  the  fact  that  the 
stress  riser  effect  of  the  metallic  insert  decays  rapidly  with  distance  from  the  hatch.  Since 
the  strain  gage  was  located  approximately  3  degrees  away  from  the  edge  it  did  not  measure 
the  peak  stress  but  rather  the  tail  end  of  it. 

The  maximum  stress  of  -1 5,714  psi  in  the  polar  aluminum  inserts  was  measured  on 
the  inside  surface,  adjacent  to  the  flange,  in  the  bottom  plate,  and  its  orientation  was  in 
the  longitudinal  direction. 

The  highest  measured  stresses,  both  on  the  acrylic  hull  and  the  aluminum  inserts 
during  the  simulated  dive  to  3000  feet,  were  well  below  the  yield  points  of  their  respective 
materials.  All  strains  were  observed  to  return  to  zero  upon  completion  of  the  relaxation 
period  following  the  simulated  dive  to  3000  feet  (see  Table  4).  For  both  the  acrylic  plastic 
and  aluminum,  the  apparent  safety  factors,  based  on  the  short  term  yielding  of  material, 
were  well  in  excess  of  2.  On  the  basis  of  these  stress  measurements  it  was  concluded  that 
( 1 )  the  proposed  design  of  hatches  was  adequate  for  dives  to  3000  feet  and  that  (2)  the 
whole  full  scale  Model  2000  Nemo  Hull  assembly  could  be  safety  tested  at  least  at  depths 
to  3000  feet. 

Implosion  Resistance 

The  15-inch  OD  X  13-inch  ID  Model  34  Nemo  Hull  imploded  under  short  term  pres¬ 
sure  loading  at  a  simulated  depth  of  1 0,600  feet.  The  assembly  failed  by  general  plastic 
instability;  the  fragmented  model  is  shown  in  Figure  24.  The  highest  measured  stresses  in 
the  aluminum  hatches,  prior  to  implosion,  were  found  to  be  at  locations  #4  and  #7  (see 
Figure  19),  and  their  magnitude  was  in  the  -35,000  to  -39,000  psi  range,  as  shown  in  Fig¬ 
ure  25.  The  10,600-foot  short  term  implosion  depth  of  Model  34  gives  the  scale  model  a 
3.5  safety  margin  for  catastrophic  dives.  Data  reduction  of  the  hydrostatic  tests  is  docu¬ 
mented  in  Appendix  C. 

Acoustic  Emission 

The  1 5-inch  OD  X  1 3-inch  ID  Model  34  was  a  good  source  of  acoustic  emission  dur¬ 
ing  the  first  pressurization  to  1350  psi;  Figure  26  presented  a  histogram  of  stress  wave 
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Table  4.  Strains  in  15  Inch  OD  X  13  Inch  ID  Nemo  Model  #34 
during  Simulated  Dive  at  Depths  to  3000  Feet 


Gages 

Strain  micro  inches/inch 

Stress  (psi) 

No. 

Location 

Hoop 

Longitudinal 

Hoop 

Longitudinal 

la 

Equator,  outside 

A 

-5,900* 

-5,700* 

-3,345* 

-3,284* 

B 

-6,700 

-6,300 

C 

0 

-100 

lb 

Equator,  inside 

A 

-8,200* 

-8,000* 

-4,68 1  * 

-4,604* 

B 

-9,550 

-8,900 

C 

+  10 

+25 

2b 

Edge  of  top  polar 

A 

-6,900* 

-9,500* 

-4,286* 

-5,086* 

opening,  inside 

B 

-7,700 

-1,100 

C 

-50 

-100 

3b 

Lip  of  flange. 

A 

-900* 

+  150* 

-9,386* 

-1,319* 

bottom  plate: 

B 

-900 

+  150 

inside 

C 

0 

0 

4a 

Root  of  flange. 

A 

-275* 

-50* 

-3,187* 

-1,456* 

bottom  plate; 

B 

-275 

+  100 

outside 

C 

0 

0 

4b 

Root  of  flange. 

A 

-600* 

-1,250* 

-10,714* 

-15,714* 

bottom  plate; 

B 

-700 

-1,350 

inside 

C 

0 

0 

5a 

Root  flange,  top 

A 

-100* 

malfunc¬ 

-1,099* 

-330* 

hatch,  outside 

B 

-100 

tioning 

C 

0 

s.  gage  0 

5b 

Root  of  flange. 

A 

-1,100* 

-200* 

-12,747* 

-5,824* 

top  hatch, 

B 

-1,100 

-200 

inside 

C 

0 

0 

6b 

Edge  of  bottom. 

A 

-8,300* 

-6,900* 

-4,558* 

-4,127* 

polar  opening. 

B 

-9.200 

-7,800 

inside 

C 

0 

+250 

7b 

Lip  of  flange, 

A 

-1,300* 

+300* 

-13,297* 

-989* 

top  hatch. 

B 

-1,300 

+300 

inside 

C 

0 

0 

Note 

A?  Immediately  after  pressurization  to  3000  foot  depth 

B.  After  four  (4)  hours  at  3000  foot  depth 

C.  After  1 6  hours  of  relaxation  at  0  depth 
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emissions.  When,  after  relaxation  at  0  psi.  Model  34  was  pressurized  to  900  psi  no  further 
acoustic  emission  bursts  were  recorded  which  indicated  that  the  acrylic  hull  exhibits  a  very 
marked  Kaiser  effect. 

During  the  final  pressure  test  to  implosion.  Model  34  emitted  significant  numbers  of 
acoustic  emissions,  although  only  after  the  pressure  passed  the  9500-foot  depth  mark.  Thus, 
between  0  and  9500  feet  there  were  less  than  50  emissions,  as  shown  in  Figure  27.  Obviously 
then,  the  impending  implosion  of  the  acrylic  hull  could  have  been  stopped  during  the  simu¬ 
lated  dive  at  about  500  feet  above  implosion  depth  on  the  basis  of  the  acoustic  emission 
recording  (see  Fig.  26). 


Cyclic  Fatigue  Crazing 

Observation  of  1 5-inch  OD  X  1 3-inch  ID  Models  35,  36  and  37,  after  1 000  simu¬ 
lated  4-hour  long  dives,  shown  in  Figure  28.  revealed  that  only  Model  37  which  was  pressure 
cycled  to  a  depth  of  3360  feet  had  slight  indication  of  cyclic  fatigue,  whereas  Models  35  and 
36  which  were  pressure  cycled  to.  respectively,  1 1  20  and  2240  feet  showed  no  signs  of 
cyclic  fatigue.  The  cyclic  fatigue  in  Model  37  exhibited  slight  crazing  of  its  conical  bearing 
surface  in  the  polar  opening  of  the  acrylic  hull,  which  was  exposed  to  direct  contact  with 
the  metallic  insert:  see  Figure  29.  The  other  polar  opening  in  Model  37,  in  which  the  acrylic 
bearing  surface  was  not  in  direct  contact  with  the  metallic  insert  did  not  craze.  From  this, 
it  can  be  concluded  that  at  a  cyclic  history  of  less  than  1000  dives  the  polycarbonate  gasket 
has  a  significant  effect  only  when  the  maximum  pressure  in  a  dive  is  3360  feet  or  more.  At 
lesser  depths  the  polycarbonate  gasket  also  increases  the  fatigue  life  of  the  acrylic  hull, 
although  more  than  1 000  dives  are  required  to  show  experimentally  the  beneficial  effect  of 
the  polycarbonate  gasket. 

It  is  important  to  point  out  here  that  even  in  Model  37  which  was  the  only  specimen 
with  signs  of  cyclic  fatigue  on  the  acrylic  bearing  surface,  the  fatigue  exhibited  itself  in  the 
form  of  barely  noticeable  crazing.  Based  on  past  experience, it  can  be  conservatively  pre¬ 
dicted  that  it  would  take  at  least  another  1000  dives  to  3360  feet  before  the  crazing  would 
deteriorate  into  cracks  1  /2-inch  deep  and  thus  require  remachining  of  the  bearing  surface. 


Creep 


The  creep  observed  during  4  hour  sustained  loading  to  1350  psi  was  significantly 
higher  than  during  sustained  loading  to  900  psi,  as  shown  in  Figures  30  and  3 1 .  The  magni¬ 
tude  of  creep  in  both  cases  was  about  1 5  percent  of  short  term  strain.  As  expected  (magni¬ 
tude  of  creep  is  a  function  not  only  of  time  but  also  of  short  term  strain),  creep  was  more 
substantial  at  the  edges  of  polar  openings  than  at  the  equator.  Similarly,  it  was  larger  on  the 
interior  of  the  hull  than  on  its  exterior. 

The  creep  returned  to  zero  after  several  hours  of  relaxation  at  zero  pressure,  indicat¬ 
ing  that  the  creep  observed  did  not  represent  permanent  deformation  of  plastic. 
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Full  Scale  Tests 


General  Performance 

The  66-inch  OD  X  58-inch  ID  Nemo  Model  2000  withstood  successfully  the  four 
successive  24-hour  hydrostatic  pressure  loadings  to  450,  900,  1350  and  1800  psi  without 
any  appearance  of  cracks  in  the  acrylic  and  only  minor  surface  cracking  in  the  polycar¬ 
bonate  plastic  bearing  surfaces  at  the  polar  openings. 

Strains 

The  magnitude  of  strains  observed  during  the  24-hour  pressurization  tests  is  shown 
in  Figure  32;  recorded  stress  values  are  listed  in  Table  5.  Stress  range  was  predicted  by  (1) 
the  ZIP-13  finite  element  computer  program  and  (2)  strains  generated  during  the  hydro¬ 
static  testing  of  the  15-inch  OD  X  13-inch  ID  Model  34.  The  fact  that  the  acrylic  hull  of 
Model  34  was  approximately  1 0  percent  thicker  than  required  by  the  1 : 4.4  scaling  factor 
had  to  be  taken  into  consideration  during  comparison  of  strains  measured  on  the  15-inch 
and  66-inch  diameter  hulls. 

The  highest  strains  in  acrylic  plastic  were  measured  on  the  interior  of  the  hull  at  the 
edge  of  the  top  polar  opening.  The  strains  at  the  edge  of  the  bottom  polar  opening  were 
about  1 0  percent  less,  reflecting  the  fact  that  the  bottom  aluminum  plate  is  significantly 
less  stiff  than  the  top  hatch.  The  ratios  between  longitudinal  and  hoop  strains  at  both  loca¬ 
tions  were  in  the  3 : 1  —4 : 1  range. 

The  interior  longitudinal  strain  at  the  top  polar  opening  was  100  percent  greater 
than  the  interior  longitudinal  strain  at  the  equator,  while  the  interior  hoop  strain  at  the  top 
polar  opening  was  50  percent  less  than  the  interior  hoop  strain  at  the  equator.  The  exterior 
longitudinal  strain  at  the  top  polar  opening  was  only  20  percent  greater  than  the  exterior 
longitudinal  strain  at  the  equator,  while  the  exterior  hoop  strain  at  the  top  polar  opening 
was  70  percent  less  than  the  exterior  hoop  strain  at  the  equator.  On  the  aluminum  polar 
inserts  the  highest  strain  was  measured  on  the  interior  surfaces  of  ( 1 )  the  bottom  plate  at 
location  #6  in  longitudinal  direction  and  (2)  the  top  plate  at  location  #13  in  longitudinal 
direction  (see  Fig.  23). 

Magnitude  of  Creep  at  the  equatorial  surfaces  of  the  hull  was  approximately  the 
same  as  that  recorded  for  Model  34.  It  was  for  all  practical  purposes  absent  during  the 
24  hour  pressurizations  to  450  and  900  psi,  but  it  became  noticeable  (20-25  percent 
increase  over  short  term  strain)  during  1350  psi  pressurization  and  was  significant  (25-30 
percent  increase)  during  1800  psi  pressurization,  as  can  be  seen  in  Figure  32a  through  1. 

The  numerical  value  of  strains  on  the  interior  surface  at  the  equator  after  24  hours  of  sus¬ 
tained  loading  was  in  the  2500-3000.  5000-6000,  9000-1 1,000  and  13.000-15,000  micro 
inches/inch  range  for,  respectively,  450,  900,  1350  and  1 800  psi  pressurizations.  (See  Figs. 
32i  and  32j.) 

The  numerical  values  of  creep  on  the  interior  hull  surface  at  the  edges  of  top  and  bot¬ 
tom  penetrations  were  higher  than  at  the  equator,  but  in  terms  of  short  term  strain  percentage 
they  were  not  different  from  those  at  the  equator.  After  24  hours  of  sustained  loading  the 
longitudinal  strains  at  penetrations  were  in  the  4000-4500,  8000-10,000,  15,000-19,000 
and  22.000-27,000  micro  inches/inch  range  for,  respectively,  450.  900,  1350  and  1800  psi 
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Table  5.  Stresses  in  66  Inch  OD  X  58  Inch  ID  Nemo  Model  2000  Assembly 
During  the  24  Hour  Dive  to  a  Depth  of  3000  Feet 


Hull 

Location 

Gages 

Orientation 

Stress  (psi) 

Upon  reaching  3000  feet 

A  fter  24  hours 

Hoop 

-4,986 

Inside 

#i 

Longitudinal 

Hoop 

-7,914* 

-2,348 

Outside 

Inside 

Longitudinal 

Hoop 

-3.819 

-5,476 

Longitudinal 

-5,290 

# 1 

Outside 

Hoop 

Longitudinal 

-4,214 

-4,186 

Stresses  cannot 

Inside 

Hoop 

-4,486 

be  calculated 
because  of 

#3 

Longitudinal 

-6,714 

creep  in  acrylic 

Hoop 

-1.900 

Outside 

Inside 

Longitudinal 

Hoop 

-3,400 

-5,595 

Longitudinal 

-5,438 

#4 

Hoop 

-4.086 

Outside 

Inside 

Longitudinal 

Hoop 

-4,014 

-10,495 

-9,396 

#5 

Longitudinal 

-11,648 

-1 1,319 

Hoop 

-5.000 

-4.835 

Outside 

Longitudinal 

-5,000 

-4,451 

Inside 

#6 

Hoop 

-13,626 

-13,956 

Longitudinal 

-17,088** 

-18,187** 

Hoop 

-6.264 

-5.549 

Outside 

Longitudinal 

-5,879 

-5,165 

Inside 

Hoop 

-13,297 

-12,967 

#7 

Longitudinal 

-10,989 

-9,890 

Hoop 

-6,429 

-6.429 

Outside 

Longitudinal 

-6,429 

-6,429 

♦Highest  stress  in  acrylic  hull  (during  conversion  of  strains  to  stresses  E  =  400,000  psi  and 
p  =  0.4  were  applied). 

** Highest  stress  in  polar  aluminum  inserts  (during  conversion  of  strains  to  stresses 

E  =  1 0,000.000  psi  and  p  =  0.3  were  applied). _ 
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Table  5.  (Continued). 


Hull 

Location 

Gages 

Orientation 

Stress  (psi) 

Upon  reaching  3000  feet 

After  24  hours 

Hoop 

-13.022 

-13.187 

Inside 

#8 

Longitudinal 

-3,407  . 

-3,956 

Hoop 

-3,516 

-2,967 

Outside 

Longitudinal 

-55 

+  110 

Hoop 

-10,549 

-9.341 

Inside 

#9 

Longitudinal 

-15,165 

-12,802 

Hoop 

-4,780 

-4,780 

Outside 

Longitudinal 

-5.934 

-5,934 

Inside 

Hoop 

-10,549 

-9,835 

#10 

Longitudinal 

-10,165 

-9,451 

Hoop 

-4.670 

-4,670 

Outside 

Longitudinal 

-3.901 

-3,901 

Inside 

#1 1 

Hoop 

-10,165 

-9,066 

Longitudinal 

-10,549 

-10,220 

Hoop 

-3.736 

-3.736 

Outside 

Longitudinal 

-4,121 

-4,121 

Inside 

#12 

Hoop 

-1 1,429 

-1 1,429 

Longitudinal 

-11,429 

-1 1,429 

Hoop 

-3.956 

-3,956 

Outside 

Longitudinal 

-3,187 

-3,187 

Inside 

Hoop 

-1 1.758 

-13,352 

#13 

Longitudinal 

-12,527 

-14,505 

Hoop 

-3.956 

-6.813 

Outside 

Longitudinal 

-3.187 

-6.044 

Inside 

Hoop 

-12,692 

-14,286 

#14 

Longitudinal 

-12,308 

-14,286 

Hoop 

-4,670 

-7,527 

Outside 

Longitudinal 

-3.901 

-6,758 
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pressurizations  (see  Figs.  32b  and  32f).  Strains  in  acrylic  returned  essentially  to  zero  after 
a  24-hour  period  of  relaxation  indicating  that  the  creep  in  acrylic  was  not  of  a  permanent 
nature  even  after  the  24  hour  sustained  loading  to  1  800  psi  hydrostatic  pressure. 


Stresses 


The  maximum  stress  measured  on  the  acrylic  hull  (see  Table  5)  at  the  beginning  of 
24  hour  pressurizations  was  -2339,  -5043,  -7914  and  -1 0,962  psi  at,  respectively,  450,  900, 
1350  and  1800  psi  pressure  loadings.  The  maximum  stress,  analyzed  as  typical  for  Nemo 
hulls,  ^  was  located  on  the  interior  surface  of  the  hull  at  the  edge  of  top  polar  opening  and 
was  oriented  in  the  longitudinal  direction.  The  stress  on  the  interior  equatorial  surface  was 
measured  simultaneously  as  -1804,  -3610,  -5595  and  -7757  psi.  The  magnitude  of  stress 
on  the  acrylic  hull  at  the  conclusion  of  the  24  hour  pressurization  periods  is  not  known 
since  there  was  considerable  creep  in  the  plastic  which  would  make  any  classical  stress  cal¬ 
culations  inaccurate. 

The  maximum  stress  on  the  aluminum  inserts  was  measured  on  the  interior  of  the 
bottom  plate  at  location  No.  6  in  the  longitudinal  direction.  The  magnitude  of  the  stress  at 
the  beginning  of  24  hour  pressurizations  was  -4967,  -9890,  -1  7,088  and  -21 ,044  psi  at, 
respectively,  450,  900.  1350  and  1800  psi  loadings.  At  the  conclusion  of  the  24-hour  pres¬ 
surization  periods  the  magnitude  of  the  stress  had  changed  to  -3198,  -9890,  -18,1  87  and 
-1 8,846  psi,  respectively.  After  the  24-hour  relaxation  periods  following  pressurizations  to 
450,  900  and  1350  psi,  all  stresses  in  aluminum  returned  essentially  to  zero,  as  listed  in 
Table  6.  A  different  case  presented  itself  at  the  conclusion  of  the  relaxation  period  follow¬ 
ing  the  24-hour  pressurization  to  1800  psi.  Here  the  stresses  at  interior  location  Nos.  6,  13 
and  14  on  aluminum  inserts  not  only  failed  to  return  to  zero  (see  Table  6)  but  showed  resid¬ 
ual  positive  stresses  of  significant  magnitude,  and  the  reasons  for  their  presence  are  not  known. 
A  more  detailed  listing  of  stresses  is  presented  in  Appendix  C. 

The  comparison  of  stresses  calculated  on  the  basis  of  experimental  data  and  the 
ZIP-1 3  finite  element  computer  program  show  good  agreement  for  all  locations  on  the 
acrylic  hull.  For  locations  on  aluminum  inserts  the  agreement  is  not  as  good.  It  appears 
that  for  the  locations  on  the  exterior  of  aluminum  inserts  the  calculated  stresses  are  gener¬ 
ally  lower  than  measured  values,  whereas  for  locations  on  the  interior  of  the  inserts  the  cal¬ 
culated  values  are  generally  higher.  However,  since  the  highest  stresses  measured  on  aluminum 
inserts  were  on  the  interior  surface,  the  calculated  values  tend  to  be  conservative  in  nature 
and,  thus,  useful  in  the  design  of  pressurized  Nemo  Hulls.  A  complete  listing  of  computer 
generated  strains  and  stresses  for  the  Model  2000  Nemo  Hull  assembly  is  presented  in 
Appendix  D. 
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Table  6.  Residual  Strains  in  Aluminum  Plates  and  Hatches 
of  the  66  Inch  OD  X  58  Inch  ID  Nemo  Model  2000 
after  Repeated  24  Hour  Long  Pressurizations 


Gage  Locations 

No.  6  Inside  No.  1 3  Inside  No.  14  Inside 


Test 

Hoop 

Longitudinal 

Hoop 

Longitudinal 

Hoop 

Longitudinal 

450  psi 

A 

-240 

-380 

-190 

-200 

-250 

-140 

B 

-170 

-240 

-120 

-140 

-250 

-140 

C 

+  120 

+  150 

+  100 

+  110 

+  10 

+80 

D 

+  160 

+  180 

+  130 

+210 

+80 

+60 

900  psi 

A 

-500 

-750 

-450 

-500 

-500 

-500 

B 

-500 

-750 

-450 

-500 

-500 

-500 

C 

0 

+  100 

+50 

+0 

+50 

0 

D 

+50 

+  150 

+  100 

+0 

+  100 

50 

1350  psi 

A 

-850 

-1300 

-800 

-900 

-900 

-850 

B 

-850 

-1400 

-900 

-1050 

-1000 

-1000 

C 

0 

0 

+0 

-100 

-100 

-150 

D 

0 

0 

+0 

-150 

-200 

-200 

1 800  psi 

A 

-1050 

-1400 

-1000 

-1150 

-1150 

-1100 

B 

-1050 

-1400 

-850 

-1050 

-1050 

-1000 

C 

+50 

+300* 

+200* 

+  100* 

+50* 

+500* 

D 

-50 

+2350* 

+1450* 

+1350* 

+1350* 

+1250* 

A  —  Immediately  after  pressurization 
B  -  After  24  hours  of  sustained  pressurization 
C  -  Immediately  after  pressure  release 
D  —  After  24  hours  of  relaxation 

*  -  Questionable  values,  probably  generated  by  malfunctioning  bulkhead  penetrators 
for  instrumentation  in  Model  2000  Nemo  Hull,  or  pressure  vessel  end  closure. 
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TEST  DATA  DISCUSSION 


Determination  of  Safe  Operational  Depth 

In  order  for  the  chosen  operational  depth  to  be  safe,  many  operational,  as  well  as 
hull  performance  parameters,  must  be  considered  and  carefully  calculated. 

» 

Hull  Performance  Parameters 

The  short  term  critical  pressure  at  which  catastrophic  implosion  of  the  hull  occurs 
in  an  uncontrolled  dive  is  the  best  known  and  easiest  to  obtain  performance  parameter  of  an 
acrylic  hull.  The  short  term  critical  pressure  represents  the  ultimate  depth  beyond  which  a 
submersible  cannot  descend  at  any  time.  For  the  Model  2000  Nemo  Hull  the  short  term 
critical  pressure  has  been  experimentally  established  at  approximately  10,000  feet.  The 
actual  short  term  implosion  test  was  performed  on  the  15-inch  Model  34.  which  imploded 
at  4700  psi  external  hydrostatic  pressure.  Since  the  scale  model  is  about  ten  percent  thicker 
than  required,  the  extrapolated  short  term  implosion  pressure  for  the  full  scale  Model  2000 
Nemo  Hull  is  around  4000  psi  if  the  same  pressurization  procedure  is  used  as  for  the  scale 
model.  However,  since  the  pressurization  schedule  for  Model  34  did  not  correspond  to  the 
typical  100  psi/minute  short  term  pressurization  rate  for  acrylic  hulls-  (recording  of  strain 
data  at  4500  and  4700  psi  pressure  levels  delayed  the  pressurization  by  5  minutes),  the 
extrapolated  short  term  collapse  pressure  for  the  Model  2000  Nemo  Hull  must  be  increased 
from  4000  psi  to  at  least  4500.  (Reference  6  indicates  that  the  effect  of  delay  in  pressuriza¬ 
tion  at  pressures  above  4500  psi  is  to  reduce  the  short  term  implosion  pressure  of  acrylic 
hull  by  about  100  psi  for  every  minute  of  delay.)  The  10,000-feet  short  term  implosion 
depth  gives  the  Model  2000  Nemo  Hull  the  ability  to  bounce  dive  once  under  extreme  emer¬ 
gency  conditions  probably  to  at  least  8000  feet. 

The  long  term  critical  pressure  of  acrylic  hulls  has  been  previously  established^  as  a 
function  of  time  and  temperature.  Because  100  hours  is  considered  the  maximum  length  of 
time  that  the  crew  of  a  submersible  could  survive  under  entrapment  without  new  air  support 
supplies,  this  time  span  will  be  used  to  establish  a  long  term  critical  pressure.  This  pressure 
can  be  readiiy  determined  from  a  plot  of  experimental  data  generated  by  implosions  of 
1 5-inch  OD  X  1 3-inch  ID  Models  22,  23,  24,  25  and  34,  as  illustrated  in  Figure  33. ^  From 
the  plot  one  can  see  that  the  implosion  pressure  of  a  scale  model  Nemo  Hull  under  2700  psi 
sustained  loading  at  70-75° F  at  ambient  temperatures  occurs  after  100  hours.  After  appli¬ 
cation  the  0.86  correction  factor  (based  on  plastic  instability,  takes  into  account  the  ten 
percent  thicker  hull  of  scale  models),  the  projected  100  hour  long  term  critical  pressure  of 
the  Model  2000  Nemo  Hull  is  2320  psi  in  the  70-75°F  ambient  temperature  range.  In  terms 
of  depth  it  can  then  be  stated  that  the  Model  2000  Nemo  Hull  must  be  trapped  for  at  least 
1 00  hours  at  a  depth  of  about  5000  feet  before  catastrophic  failure  occurs. 

The  cyclic  fatigue  life  of  acrylic  hulls  has  been  the  subject  of  several  studies  since,  as 
a  rule,  it  is  the  determining  factor  in  setting  the  safe  operational  depth  of  an  acrylic  hull. 
Since  the  cyclic  fatigue  life  is  not  only  a  function  of  maximum  pressure  in  the  pressure  cycle 
but  also  of  duration  and  temperature,  they  all  must  be  taken  into  consideration.  Study  of 
typical  dive  profiles  for  submersibles  has  established  the  fact  that  a  submersible  does  not 
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stay  at  maximum  operational  depth  longer  than  4  hours.  The  rest  of  the  typical  dive  is 
taken  up  by  launching,  descent,  ascent,  docking  and  retrieval.  The  temperature  can  vary 
widely  during  a  dive  but  at  operational  depths  it  is  usually  below  50  degrees.  Since  pressure 
cycling  at  70-75°F  is  not  only  more  conservative,  but  also  more  economical,  it  was  used  to 
establish  the  cyclic  fatigue  life  of  the  Model  2000  Nemo  Hull. 

The  testing  of  1 5-inch  Models  35,  36  and  37  has  conclusively  shown  that  crazing 
appears  in  the  acrylic  hull  at  the  polar  openings  without  the  polycarbonate  gasket  only  after 
1 000  pressure  cycles  of  8-hour  duration  (4  hours  loading  followed  by  4-hours  relaxation)  to 
1500  psi.  No  crazing  was  observed  in  the  polar  opening  of  the  acrylic  hull  protected  by  the 
polycarbonate  gasket.  Judging  by  these  results  the  minimum  crack-free  fatigue  life  of  the 
1 5-inch  OD  X  1 3-inch  ID  Models  is  1 000  cycles  to  a  maximum  operational  depth  of  3350 
feet.  Based  on  the  scale  model  data,  the  66-inch  OD  X  58-inch  ID  Model  2000  Nemo  Hull 
can  perform  1 000  dives  to  3000  feet  without  initiation  of  cracks  in  the  acrylic  hull. 


Operational  Performance  Parameters 

In  view  of  the  fact  that  preservation  of  the  crew  is  the  major  consideration  in  the 
design  of  pressure  hulls  it  is  considered  mandatory  that  the  short-term  and  long-term  critical 
pressures  be  beyond  the  depth  to  which  the  submersible  may  be  accidentally  submerged. 
Furthermore,  it  is  considered  reasonable  and  customary  that  the  implosion  depth  for  a  long 
term  (no  more  than  1 00  hours)  disabled  submersible  be  at  least  50  percent  greater  than  the 
maximum  operational  depth  (safety  factor  of  1 .5).  For  a  short  term  loss  of  control,  the 
implosion  depth  should  be  at  least  100  percent  greater  than  the  maximum  operational 
depths  (safety  factor  of  2). 

In  addition  to  preserving  the  crew  there  are  also  the  economics  of  the  hull  life  to  be 
considered.  If  the  fatigue  life  was  set  at  1 00  dives  it  would  prove  economically  unsound 
since  it  would  allow  the  submersibles  to  operate  only  for  a  period  of  time  less  than  two  years, 
although  at  greater  depths.  Similarly,  if  the  fatigue  life  was  stipulated  as  10,000  cycles  it 
would  give  the  submersible  unlimited  life  but  at  the  cost  of  very  shallow  operational  depth, 
which  would  significantly  lower  its  operational  usefulness.  It  is  the  author’s  opinion  that  a 
specified  crack-free  fatigue  life  of  1 000  cycles  represents  a  sound  economical  compromise 
between  the  operational  depth  and  life  of  the  submersible.  For  the  full  scale  Model  2000 
Nemo  Hull  the  crack-free  fatigue  life  has  been  experimentally  established  as  1000  dives  to  a 
maximum  operational  depth  of  3000  feet.  Since  the  3000-foot  fatigue  life  depth  is  based 
on  4-hour  long  simulated  dives,  there  is  no  need  to  apply  any  pressure  cycle  duration  dis¬ 
counting  factor  to  the  experimentally  established  fatigue  life  depth  of  3000  feet. 

Based  on  the  factors  discussed  above,  the  maximum  operational  depths  should  not 
exceed  4000  feet  (8000  feet/2)  for  short  term  disablement  criterion,  3330  feet  (5000  feet/ 

1 .5)  for  long  term  disablement  criterion,  and  3000  feet  (3000  feet/1 )  for  the  fatigue  life 
criterion.  Since  it  is  the  least  permissible  operational  depth,  based  on  any  of  the  above  three 
criteria,  that  determines  the  actual  depth  rating  of  the  hull,  fatigue  becomes  the  determining 
factor  for  establishing  the  operation  depth  rating  of  the  Model  2000  Nemo  Hull.  As  a  result 
3000  feet  is  considered  as  the  maximum  operational  depth  rating  for  the  Model  2000  Nemo 
Hull. 
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FINDINGS 


1 .  The  66-inch  OD  X  58-inch  ID  spherical  capsule  assembly.  Model  2000  Nemo  Hull, 
fabricated  from  commercial  grade  (Plexiglas  G  or  equivalent)  acrylic  plastic  and  equipped 
with  polycarbonate  gaskets  between  aluminum  hatches  and  the  acrylic  plastic  will  withstand 
a  minimum  of  1 000  dives  (4  hours  at  maximum  depth,  followed  by  4  hours  at  the  surface) 
from  0  to  3000  feet  without  initiation  of  cracks  in  the  acrylic  hull. 

2.  At  the  safe  maximum  operational  depth  of  3000  feet  the  maximum  compressive 
stresses  in  aluminum  hatches  and  acrylic  plastic  hull  are  only  equal  to  49  and  52  percent  of, 
respectively,  aluminum  and  acrylic  plastic  yield  strengths. 

3.  Model  2000  Nemo  capsule  assembly  will  withstand  accidental  disablement  at  a 
depth  of  5000  feet  for  at  least  100  hours  before  catastrophic  failure  occurs.  At  greater 
depths  the  grace  period  prior  to  catastrophic  failure  is  significantly  shorter,  as  shown  in 
Figure  33. 

4.  Model  2000  Nemo  capsule  assembly  will  withstand  a  temporary  loss  of  control 
to  a  depth  of  8000  feet  for  about  10  minutes  before  catastrophic  failure  occurs. 

5.  Model  2000  Nemo  capsule  assembly  is  an  active  acoustic  stress  wave  emitter 
whose  rate  of  acoustic  emissions  increases  significantly  just  prior  to  short  term  implosion. 

6.  Permanent  deformation  of  aluminum  inserts  (top  hatch  and  bottom  plate)  takes 
place  in  areas  of  high  stress  concentrations  when  Model  2000  Nemo  Hull  is  subjected  to 
dives  of  4000  feet. 

7.  Long  term  submersion  of  24-hour  duration,  to  4000-foot  depth,  does  not  gener¬ 
ate  any  cracks  in  the  acrylic  plastic  hull  or  polycarbonate  gaskets  at  the  polar  openings  and 
the  strains  in  acrylic  plastic  after  a  24  hour  relaxation  period  at  atmospheric  pressure  return 
essentially  to  zero. 


CONCLUSION 

Spherical  acrylic  plastic  hulls  of  Nemo  Hull  design  with  a  t/rQ  =  0.123  thickness  can 
be  man-rated  for  a  minimum  of  1000  operational  dives  to  a  maximum  operational  depth  of 
3000  feet. 


OPERATIONAL  RECOMMENDATIONS 

1 .  The  Model  2000  Nemo  capsule  assembly  should,  during  its  operational  life,  never 
be  subjected  to  depths  greater  than  3300  feet.  The  proof  test  should  preferably  utilize  a 
test  depth  of  3300  feet.  Under  no  conditions  should  the  magnitude  of  proof-test  depth 
exceed  3600  feet  unless  stronger  polar  inserts  are  substituted  for  the  standard  Model  2000 
Nemo  Hull  aluminum  inserts. 
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2.  The  cyclic  crack  free  fatigue  life  of  the  Model  2000  Nemo  Hull  should  be  conser¬ 
vatively  considered  to  be  in  excess  of  1 2,000,000-feet-hours  (1000  cycles  X  3000  foot  depth 
X  4  hours  duty).  At  the  conclusion  of  each  dive,  the  recorded  feet-hours  should  be  sub¬ 
tracted  from  the  initial  1 2,000,000-feet-hour  fatigue  life.  When  the  sum  of  feet  hour  sub¬ 
totals  generated  by  dives  equals  1 2,000.000-feet-hours,  inserts  and  gaskets  should  be  removed 
from  the  capsule  and  the  entire  hull  subjected  to  a  detailed  visual  examination. 

If  no  cracks  are  observed  at  the  penetrations  in  the  hull,  the  capsule  should  be  strain 
gaged,  reassembled,  prooftested  to  3300  feet  and  resulting  strains  compared  to  those  gener¬ 
ated  during  the  first  proof  test  conducted  immediately  after  fabrication  of  the  capsule.  Sig¬ 
nificant  differences  in  strain  behavior  will  be  considered  important  evidence  of  hull  deterior¬ 
ation  and  should  result  in  significantly  reduced  depth  rating.  Cracks  in  bonded  joints 
originating  at  inclusions  will  be  repaired  if  their  length  exceeds  0.5  inches.  Cracked  poly¬ 
carbonate  gaskets  should  be  replaced  with  new  gaskets. 

If  no  significant  difference  in  strain  behavior  is  observed,  the  capsule  assembly  will 
be  returned  to  service  with  a  3000  foot  operational  depth  rating  and  an  additional 
12,000,000-foot-hour  fatigue  life.  When  the  12,000,000-foot-hour  life  is  used  up  the  cap¬ 
sule  assembly  will  be  subjected  to  the  same  inspection  and  prooftesting  procedures  con¬ 
ducted  at  conclusion  of  the  first  1 2,000,000-foot-hour  period.  If  the  results  of  the  new 
inspection  and  prooftesting  are  satisfactory,  the  capsule  will  again  return  to  service  with  a 
3,000-foot  depth  rating  and  additional  12,000,000-foot-hour  life. 

The  recertification  process  will  be  repeated  until  either  cracks  are  observed  in  the 
bearing  surfaces  of  acrylic  hullduring  one  of  the  inspections  or  the  strains  change  significantly. 
If  cracks  are  observed  they  will  either  be  repaired  by  routing  and  recasting  with  resin  prior 
to  retesting  of  the  hull,  or  they  will  be  left  in  place  and  the  hull’s  depth  rating  will  be 
reduced  to  600  feet. 

Subsequently,  the  hull  will  be  inspected  without  disassembly  for  signs  of  crack  prop¬ 
agation  every  100  dives.  When  the  depth  of  any  crack  exceeds  1  inch,  as  pictured  in 
Figure  34.  the  capsule  will  be  taken  out  of  service  immediately  and  the  cracks  repaired 
either  by  enlarging  the  polar  opening  or  by  recasting  cracked  areas.  If  not  repaired,  such  a 
hull  can  be  recertified  for  service  to  1 20  feet.  If,  during  periodic  inspections  conducted 
every  100  dives,  the  depth  of  the  crack  at  the  penetration  is  found  to  exceed  2  inches  the 
acrylic  hull  will  either  be  repaired  or  declared  unfit  for  manned  operation  at  any  depth. 

3.  Attempts  should  be  made  to  ensure  that  operators  be  seated  inside  the  Nemo  Hull 
as  close  as  possible  to  the  center  of  the  sphere  in  order  to  minimize  optical  distortion.  ^ 
Camera  mounting  should  be  located  at  the  center  of  the  hull  if  wide  angle  panning  with 
the  camera  is  to  be  performed  during  the  mission. 

Objects  in  hydrospace  will  appear  smaller  and  closer  to  the  hull  than  they  are  in 
reality.  Some  experience  on  the  part  of  the  crew  will  be  required  to  judge  the  distances 
correctly  between  the  hull  and  the  objects  in  hydrospace. 

4.  Many  functions  of  the  equipment  mounted  externally  to  the  submersible  can  be 
controlled  by  modulated  light  beams  projected  from  the  interior  of  the  hull  by  the  crew.*^ 
This  type  of  arrangement  will  eliminate  many  electrical  penetrators  in  the  bottom  plate  and 
make  the  control  of  externally  stored  scientific  equipment  an  operationally  easy  matter. 
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Figure  1 .  Acrylic  plastic  hull  with  the  typical  Nemo  polar  penetrations,  metallic  hatches, 
and  spherical  pentagon  modular  construction. 
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operations  to  600  feet. 
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Figure  4.  Idealized  shape  of  the  Model  2000  Nemo  Hull  assembly 
used  in  the  ZP  13  finite  element  stress  analysis. 
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Figure  5.  Idealized  shape  of  the  top  hatch  used  in  the  ZP  13  finite  element  stress  analysis 
of  the  Model  2000  Nemo  Hull  under  simulated  900  psi  external  hydrostatic  pressure. 
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Figure  7.  Calculated  stress  distribution  in  the  Model  2000  Nemo  Hull  assembly  under 
simulated  900  psi  external  hydrostatic  pressure,  outside  surface. 
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Figure  8.  Calculated  tress  distribution  in  the  Model  2000  Nemo  Hull  assembly  under 
simulated  900  psi  external  hydrostatic  pressure;  inside  surface. 
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I.  Inspection  of  Model  2000  Nemo  Hull  for  out-of-roundness  at  Swedlow  Inc. 


(b)  inside  view 


Figure  1  2.  Aluminum  hatch  for  Model  2000  Nemo  Hull. 
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(a)  outside  view 


(b)  inside  view 


Figure  13.  Aluminum  bottom  plate  for  Model  2000  Nemo  Hull. 


(a)  outside  view 


Figure  16.  Aluminum  bottom  plate  for  15  inch  OD  X  13  inch  ID  Model  34 
serving  as  scale  model  of  Model  2000  Nemo  Hull  assembly. 


(b)  inside  view 


Figure  1 7.  Aluminum  hatch  for  1 5  inch  OD  X  13  inch  ID  Model  34 
serving  as  scale  model  of  Model  2000  Nemo  Hull  assembly. 
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(a)  exterior  view  of  hatch  designed  for  service  with  polycarbonate  gasket 


(b)  interior  view  of  hatch  designed  for  service  with  polycarbonate  gasket 


Figure  18.  Titanium  hatch  for  15  inch  OD  X  13  inch  ID  Models  35,  36  and  37. 
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(c)  exterior  view  of  hatch  designed  for  service  without  a  polycarbonate  gasket 


(d)  interior  view  of  hatch  designed  for  service  without  a  polycarbonate  gasket 


Figure  18.  (Continued). 


Figure  19.  Test  arrangement  for  hydrostatic  testing  of  15  inch  OD  X  13  inch  ID 
Model  34  serving  as  scale  model  of  Model  2000  Nemo  Hull. 
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2b  -  0.500  inches  from  edge  of  hatch 

6b  -  0.700  inches  from  edge  of  bottom  plate 


aluminum  top  hatch 


Note:  Each  number  instrumented  with  2  gage  90°  rosettes 


Figure  20.  Location  of  strain  gages  on  the  15  inch  OD  X  13  inch  ID 
Model  34,  serving  as  scale  model  of  Model  2000  Nemo  Hull. 


TOP  OPENING  ASSEMBLY  - - ►  BOTTOM  OPENING  ASSEMBLY 


subjected  to  pressure  cycling. 


(a)  instrumented  assembly  ready  for  placement  in  vessel 

Figure  22.  Testing  of  full  scale  Model  2000  Nemo  Hull  assembly 
in  the  90  inch  diameter  pressure  vessel  at  SWRI. 
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1  outside  -  1.500  inches  from  edge  of  hatch 
1  inside  -  1.375  inches  from  edge  of  hatch 


3  outside  *  1.500  inches  from  edge  of  hatch 
3  inside  *  1.375  inches  from  edge  of  hatch 


Figure  23.  Location  of  strain  gages  on  the  66  inch  OD  X  58  inch  ID 
full  scale  Model  2000  Nemo  Hull  assembly. 
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HYDROSTATIC  PRESSURE,  psi 


COMPRESSIVE  STRAIN,  microinches/inch 


Figure  25.  Strains  in  the  15  inch  OD  X  13  inch  ID  Model  34 
serving  as  scale  for  Model  2000  Nemo  Hull. 
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NUMBER  OF  EMISSIONS,  160  kHz  FREQUENCY 
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Figure  26.  Histogram  of  stress  wave  emissions  from  15  inch  OD  X  13  inch  ID 
Model  34  of  undergoing  external  pressure  tests. 
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Figure  27.  Recording  of  stress  wave  emissions  preceding  the  short  term  implosion 
of  15  inch  OD  X  13  inch  ID  Model  34  assembly  at  4750  psi  external  hydrostatic 
pressure. 
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Figure  28.  Inspection  of  bearing  surfaces  on  15  inch  OD  X  13  inch  ID  Models  36  and  37 
after  1000  pressure  cycles  to,  respectively,  900  and  1500  psi  hydrostatic  pressure. 
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direct  contact  with  the  metallic  hatch. 
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Figure  3 1 .  Creep  of  acrylic  hull  in  1 5  inch  OD  X  1 3  inch  ID  Model  34  under  external  hydrostatic 
pressure;  measured  on  the  interior  surface  at  the  edge  of  top  polar  penetration. 


sustained  loading - - relaxation 
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assembly  during  24-hour  long  sustained  loadings  under  external  hydrostatic  pressure 


sustained  loading - - relaxation 
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Figure  32.  (Continued). 


sustained  loading - *4*4 - relaxation 
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Figure  32.  (Continued). 


sustained  loading - ►4-^ - relaxation 


ipiM/saipmojDjUJ  puesnom  'NlVdlS  3AISS3«dl/\IOD 


60 


Figure  32.  (Continued). 


sustained  loading - - relaxation 
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Figure  32.  (Continued). 


sustained  loading - ►[◄ - relaxation 


Figure  32.  (Continued). 


sustained  loading - ►U - relaxation 
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sustained  loading - - relaxation 
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Figure  32.  (Continued). 


sustained  loading - z  ►  M -  relaxation 
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sustained  loading - - - relaxation 
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Figure  32.  (Continued). 


sustained  loading - - relaxation 
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temperature  :  6b-75 
pressurizing  medium  :  water 
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Figure  34.  Typical  shear  cracks  in  the  bearing  surface  of  an  acrylic  Nemo  Hull  generated  by  pressure 
cycling;  when  the  cracks  reach  this  size  the  acrylic  hull  should  be  removed  from  service  and  the 
bearing  surface  refinished.  (Ref.  5.  Nemo  Hull  Mode]  600  after  pressure  cycling  to  2000  ft.  depth.) 
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APPENDIX  A.  DESIGN  DETAILS  OF  NEMO  MODEL  2000 


15-Inch  OD  X  13-Inch  ID  Scale  Models 

The  acrylic  hull  of  the  15-inch  OD  X  13-inch  ID  scale  model  34  was  designed  to  be  a 
faithful  copy  of  the  66-inch  OD  X  58-inch  ID  Model  2000  Nemo  Hull  both  in  proportions 
and  in  method  of  construction  (Figures  1A  and  2A).  It  was  to  be  fabricated  in  the  same 
manner  as  the  66-inch  OD  X  58-inch  ID  hull  by  thermoforming  spherical  sectors  from  flat 
discs,  machining  pentagons  from  sectors,  and  finally  assembling  the  spherical  pentagons  into 
a  sphere  by  bonding  the  joints  between  adjoining  pentagons  with  PS-30  self-polymerizing 
adhesive  (Figure  3A). 

The  aluminum  plates  (Figures  4A,  5A,  and  6A)  for  top  and  bottom  polai  openings 
in  the  15-inch  OD  X  13-inch  ID  Model  34  were  not  faithfully  scaled  down  models  of  the 
hatches  in  the  66-inch  OD  X  58-inch  ID  diameter  Model  2000  Nemo  Hull.  Although  struc¬ 
turally  the  6061-T6  aluminum  plates  in  the  15-inch  OD  X  13-inch  ID  Model  34  behave  iden¬ 
tically  to  the  hatches  in  the  66-inch  OD  X  58-inch  ID  hull,  some  operational  features  of  the 
large  hatches  have  been  omitted  in  the  scale  model  plates.  Thus,  for  example,  the  top  alumi¬ 
num  plate  15-inch  OD  X  13-inch  ID  Model  34  has  the  same  rigidity  and  proportions  as  the 
top  hatch  in  the  66-inch  OD  X  58-inch  ID  Model  2000  Nemo  Hull  but  does  not  disassemble 
into  separate  hatch  and  hatch  ring  components. 

The  construction  of  the  15-inch  OD  X  13-inch  ID  Models  35,  36,  and  37  was  identi¬ 
cal  to  that  of  Model  34.  The  only  difference  between  Model  34  and  the  other  models  lay  in 
the  design  of  the  polar  plates.  The  polar  plates  for  Models  35,  36,  37  were  structurally  ideal¬ 
ized  hatches  designed  in  titanium  Ti-6A1-4V  (Figure  7A).  Since  these  models  were  to  be 
used  in  cyclic  pressure  tests  to  determine  the  effect  of  depth  on  the  performance  of  the 
polycarbonate  gasket  between  the  hatch  and  the  acrylic  bearing  surface,  each  model  was 
equipped  with  the  polycarbonate  gasket  only  for  the  top  plate  while  the  bottom  plate  in 
each  model  was  designed  to  operate  without  a  gasket.  In  this  manner  each  model  was 
designed  to  operate  both  with  and  without  a  gasket  around  the  titanium  plates.  In  this 
manner,  each  model  would  provide  the  data  on  the  performance  of  acrylic  bearing  surfaces 
at  a  given  pressure  with  and  without  polycarbonate  gaskets  (Figure  8A). 

66-Inch  OD  X  58-Inch  ID  Operational  Model 

The  66-inch  OD  X  58-inch  ID  operational  Model  2000  Nemo  Hull  was  designed  for 
economical  construction  within  tight  dimensional  tolerances  to  maximize  the  operational 
depth  of  the  assembly.  The  acrylic  hull  was  designed  to  be  constructed  from  1 2  spherical 
pentagons  bonded  together  with  PS  1 8,  PS  30  or  any  other  self-polymerizing  adhesive  with 
5000  psi  minimum  tensile  strength  (Figures  9A  and  10A). 

The  polar  aluminum  assemblies  were  designed,  like  the  polar  insert  assemblies  in  the 
previous  Model  600  and  Model  1000  Nemo  Hulls,  to  serve  as  hatches  for  personnel  entry  and 
feed  through  plates  for  electrical  and  hydraulic  control  cables.  Aluminum  was  chosen  as  the 
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construction  material  because  of  its  resistance  to  corrosion  and  attractive  strength  to  weight 
ratio.  The  bottom  feed  through  plate  was  equipped  with  9  holes  to  accommodate  9  separate 
electrical  or  hydraulic  feed  throughs  (Figure  1 1  A).  In  addition,  the  feedthrough  plate  serves 
also  as  the  foundation  for  any  equipment  contained  within  the  capsule.  The  diameter  of  the 
top  polar  opening  was  selected  to  be  ample  enough  even  for  a  heavy  set  pilot  or  observer 
(Figure  12A).  Because  considerable  exertion  has  been  required  of  the  crew  in  the  past  Nemo 
Hull  designs  to  open  the  heavy  hatch,  a  set  of  torsion  springs  was  incorporated  into  the 
Model  2000  Nemo  hatch  assembly  (Figure  1 2A).  Also  latch  locks  have  been  incorporated 
into  the  hatch  handles  to  lock  them  securely  in  the  open  position  when  the  hatch  is  open 
(Figure  13A). 

All  the  parts  of  the  hatch  were  made  from  6061-T6  aluminum,  except  the  Monel 
K-500  latch  shafts,  the  1 7-4  PH  stainless  hinge  pin,  steel  counter  balance  springs,  and  poly¬ 
carbonate  plastic  gaskets  (Figures  14A,  15A,  16A,  17A,  18A,  19A  and  20A).  Materials 
chosen  for  these  applications  matched  well  with  the  galvanic  potential  of  aluminum,  thus 
preventing  unduly  severe  galvanic  corrosion.  As  a  rule  all  the  bevel  angle  tolerances  on  polar 
insert  components  were  specified  to  be  ±15  minutes,  a  readily  attainable  tolerance  with 
standard  shop  machining  practices.  During  the  subsequent  assembly  of  the  Model  2000 
Nemo  Hull  structure  it  was  found,  however,  that  the  ±  15-degree  angle  tolerances  '.’suited  in 
incomplete  surface  contact  between  matching  beveled  structural  components.  As  a  result 
of  this  finding,  it  is  recommended  that  the  angle  tolerance  be  decreased  to  ±7.5  degrees  in 
future  Model  2000  Nemo  Hull  assemblies. 
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of  the  Model  2000  Nemo  Hull. 
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48-0*±  0*15 
G  SECTION 

notes:  ^ - 

:.  MATERIAL:  PLEXIGLAS  G,  1.0  INCH  PLATE 

2.  ADHESIVE  :  PS-30 

3.  POLAR  INSERTS  .*  ALUMI  NUM  HATCHES 

PER  DWG  70II00-II 
POLYCARBONATE  GASKETS 
PER  DWG  70II00-M 


Figure  3A.  Assembled  hull  of  the  15-inch  OD  X  13-inch  ID  Model  34. 
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gure  4A.  Polar  Aluminum  Hatch  Assemblies  for  the  15-inch  OD  X  13-inch  ID  Model  34. 
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Note  that  Type  A  titanium  hatch  was  designed  for  service  without  the  polycarbonate  gasket  while 
Type  B  titanium  hatch  was  designed  to  be  used  with  a  polycarbonate  gasket. 


NOTES  ; 


SECTION 


1.  MATERIAL:  PLEXIGLAS  G,  1.0  INCH  PLATE 

2.  ADHESIVE:  PS-30 

3.  INSERTS  :  TOP  OPENING-TYPE  B  TITANIUM  HATCH 

WITH  POLYCARBONATE  GASKET 


BOTTOM  OPENING -TYPE  A  TITANIUM  HATCH 
WITHOUT  GASKET 


Figure  8A.  Typical  assembly  of  15-inch  OD  X  13-inch  ID  Models  35,  36  and  37. 
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Figure  10A.  Spherical  pentagons  for  the  66-inch  OD  X  58-inch  ID  Model  2000  Nemo  Hull. 
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Figure  1 1A.  Bottom  plate  assembly  for  the  66-inch  OD  X  58-inch  ID  Model  2000  Nemo  Hull. 


tch  lock  assembly  for  the  66-inch  OD  X  58-inch  ID  Model  2000  Nemo  Hull. 
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mechanism  for  the  66-inch  OD  X  58-inch  ID  Model  2000  Nemo  Hull 
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FABRICATION  OF  66-INCH  OD  X  58-INCH  ID  MODEL  2000  NEMO  HULL 


APPENDIX  B.  FABRICATION  OF  66-INCH  OD  X  58-INCH  ID 
MODEL  2000  NEMO  HULL 


The  66-inch  OD  X  58-inch  ID  Model  2000  Nemo  Hull  assembly  was  fabricated  basi¬ 
cally  in  the  same  manner  as  the  first  66-inch  OD  X  5 1 -inch  ID  Model  600  Nemo  Hull 
assembly  built  in  1968  by  the  Technical  Services  of  Pacific  Missile  Range,  Point  Mugu, 
California.  The  cardinal  features  of  that  fabrication  process  are  ( 1 )  cutting  of  discs  from 
flat  acrylic  stock  (Figure  IB),  (2)  thermoforming  these  discs  into  spherical  sectors  by  means 
of  metallic  vacuum  mold  (Figure  2B),  (3)  cutting  of  spherical  sectors  into  spherical  penta¬ 
gons  (Figure  3B),  (4)  bonding  of  12  spherical  pentagons  into  a  spherical  shell  (Figure  4B), 

(5)  machining  of  metallic  inserts  in  the  form  of  top  hatch  and  bottom  penetration  plate 
(Figure  5B),  and  placement  of  those  inserts  into  polar  hull  openings  (Figure  6B). 

One  phase  of  the  fabrication  process  that  has  given  trouble  over  the  years  to  Nemo 
fabricators  is  that  of  the  bonding  of  assembled  12  spherical  pentagons.  The  problems  asso¬ 
ciated  with  this  phase  of  fabrication  stem  from  the  fact  that  the  thickness  of  spherical  penta¬ 
gons  bordering  on  a  joint  is  not  the  same  and  that  the  width  of  joints  between  pentagons  is 
not  uniform.  Because  of  the  noncomformity  in  pentagon  thickness  and  joint  width  it  was 
difficult  to  seal  the  joint  effectively  so  that  it  would  contain  the  selfpolymerizing  adhesive 
without  leakage  and  yet  assure  a  free  flow  of  adhesive  downwards  and  of  displaced  air 
upwards. 

Steps  were  taken  during  fabrication  of  the  Model  2000  Nemo  Hull  to  eliminate  the 
problems  posed  by  nonuniform  pentagon  thicknesses  and  joint  widths.  These  steps  con¬ 
sisted  of  the  following  operations: 

1.  machining  of  all  formed  spherical  sectors  to  uniform  thickness  in  a  lathe. 

2.  use  of  0. 1 25-inch  thick  X  0.25-inch  diameter  acrylic  discs  as  spacers  between 
individual  pentagons  during  final  assembly. 

3.  bonding  of  acrylic  plastic  strips  to  edges  of  joints  for  forming  of  pressure  tight 

joint. 

4.  placement  under  pressure  of  selfpolymerizing  adhesive  into  the  joint  cavities. 

Because  of  these  additional  fabrication  processing  operations  the  resulting  acrylic 
sphere  is  more  uniform  in  thickness,  sphericity,  and  diameter.  As  a  result  of  this  uniformity, 
the  finished  acrylic  huil  can  be  rated  to  higher  operational  pressure  than  was  feasibly  able 
prior  to  this  time.  Because  the  improved  fabrication  process  may  be  of  interest  to  others, 
a  verbatim  reproduction  of  shop  fabrication  instructions  is  attached  as  enclosure  IB  at  the 
end  of  this  Appendix. 

In  parallel  with  the  fabrication  of  the  Model  2000  Nemo  Hull,  stringent  quality  con¬ 
trol  measures  were  a  nted  to  assure  a  quality  product  and  are  attached  as  enclosures  2B 
through  9B.  The  qu;  y  control  measures  consisted  of: 

1.  performing  destructive  tests  on  material  coupons  cut  from  each  sheet  of  acryhc 
plastic  to  ascertain  the  material  properties  of  plastic  (enclosure  2B). 
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2.  performing  destructive  tests  on  bonded  material  coupons  to  ascertain  strength  of 
bonded  joints  (enclosure  3B). 

3.  performing  dimensional  checks  on  the  spherical  hull  to  ascertain  its  adherence  to 
specified  dimensional  tolerances.  Samples  of  dimensional  checks  are  shown  for  thickness  of 
discs  before  annealing  (enclosure  4B),  thickness  of  disc  after  annealing  (enclosure  5B),  thick¬ 
ness  of  disc  after  forming  (enclosure  6B),  sphericity  of  disc  after  forming  (enclosure  7B), 
thickness  of  spherical  pentagon  after  machining  (enclosure  8B)  and  diameter  of  bonded 
sphere  after  annealing  (enclosure  9B). 
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L  Sawing  of  flat  plates  into  circular  discs  of  46-inch  diameter. 


(a)  Placement  of  disc  into  an  aluminum  female  mold 


(c)  The  sector  is  picked  up  with  a  vacuum  suction  disc  from  the  mold 


(d)  Checking  of  sphericity  on  the  formed  sector 


Figure  2B.  (Continued). 
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•e  3B.  Sawing  the  spherical  sector  into  the  form  of  a  spherical  pentagon. 


(a)  Bonding  of  six  pentagons  to  form  a  hemisphere 


(b)  Bonding  of  two  hemispheres  to  form  a  sphere 

Figure  4B.  Holding  fixture  for  bonding  of  spherical  pentagons;  note  the  large  vacuum 
suction  discs  for  holding  of  individual  pentagons. 
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(c)  Completed  sphere  after  removal  from  bonding  fixture 


Figure  4B.  (Continued). 
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(b)  Placement  and  bolting  in  place  of  hatch  seat  retaining  flange 


Figure  6B.  Placement  of  metallic  inserts  into  polar  opening. 
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(d)  The  hull  being  lowered  onto  the  bottom  penetration  plate 


Figure  6B.  (Continued). 
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(0  Bolting  of  retaining  flange  for  bottom  penetration  plate 


Figure  6B.  (Continued). 
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SWEDLOWs  INSTRUCTIONS  FOR  WORKERS  FABRICATING  NEMO  MOD.  2000 

1.  Measure  thickness  of  acrylic  plate  and  chart  at  12"  intervals.  Lay  out 

a  46"  diameter  circle  at  the  thickest  part  of  the  blank.  Lay  out  nothing 
under  4.050  inches.  Scribe  SWU  #  on  one  cut  off. 

2.  Bandsaw  trim  to  line.  Save  one  cut  off  that  is  scribed  and  send  to  C. 

Miller  in  Testing  Lab. 

3.  Anneal  the  part  at  325°  F  for  12  hours  on  a  flat  aluminum  plate. 

4.  Inspect  for  thickness  and  chart  at  12"  intervals.  Do  not  form  plates 
under  4.170  inches. 

5.  Form  per  Forming  Process  Specification 

6.  Inspect  for  thickness  (4.0  -  4.1)  and  contour. 

7.  Anneal  @  175°  F  for  24  hours. 

8.  Place  part  in  machining  fixture  and  align  to  marks.  Drill  three  each 

1/2"  dia.  holes  and  counterbore  for  1/2"  dia.  Allen  bolt.  Bolt  part 

down  in  three  places. 

9.  Set  up  part  and  tracer  template  in  Lucas  lathe.  Machine  inside  surface. 
Remaining  thickness  to  be  4.050  minimum.  Check  contour  readings  to  be 
sure  part  is  4.010  minimum  at  out  of  contour  places.  Part  should  be 
machined  to  4.100  wherever  possible  and  center  section  of  part  should  not 
be  cut  as  it  will  be  under  4.100  thickness.  Blend  cut  and  uncut  surfaces 
together  with  360  grit  wet  sandpaper.  This  part  must  be  polished  to  an 
optical  finish  after  machining  so  the  cut  must  be  as  smooth  as  possible. 

10.  Using  vacuum  lift  place  part  in  pentagon  machine  fixture  and  even  up  the 

edge  of  the  part  to  the  size  of  the  fixture.  Vacuum  part  into  place  on 

machining  fixture.  Make  sure  that  hole  in  part  comes  out  in  the  center  of  the 
piece  to  be  cut  off.  Close  air  toggle  clamps.  Start  saw  and  set  feed  at 

25  inches  per  minute. 

11.  While  cutting  off  first  piece  the  saw  may  have  a  tendency  to  slow  down  or 
stop.  If  this  happens,  immediately  press  the  return  button,  let  the  saw 
return  and  start  the  cut  over.  After  cutting  off  the  first  piece,  open 
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up  the  air  toggle  clamps  and  press  the  lever  all  the  way  to  the  left.  This 
will  lift  the  rotating  part  of  the  fixture  slightly  so  that  the  index  pin  can 
be  pulled  and  the  part  rotated  to  the  next  position.  Continue  this  procedure 
until  all  five  cuts  have  been  made.  Attach  polar  hole  machining  fixture  to 
rotary  table  and  place  table  on  the  milling  machine.  Two  pentagons  only. 
Place  pentagon  into  machining  fixture  and  bolt  into  place.  Using  a  7/8"  dia. 
x  5"  long  end  mill,  cut  a  hole  thru  the  part  per  the  dimensions  on  NEMO  Model 
2000  Drawing  #2003 

12.  Inspect  for  blueprint  dimensions. 

13.  Anneal  at  175°F  for  24  hours. 

14.  Clean  up. 

15.  Take  to  assembly  room. 

16.  Place  one  (1)  Polar  Pentagon  in  center  of  assembly  fixture  and  using  the 
large  Starrett  No.  656-441  indicator  attached  to  extension,  set  against 
1/2"  ball  situated  in  center  of  assembly  pad. 

17.  Making  sure  indicator  is  laying  flat  against  holding  pad  and  measure  distance 
from  1/2"  ball  to  the  inside  of  cut  out  in  pentagon. 

18.  When  pentagon  is  centered,  place  "L"  shaped  clamps  to  hold  pentagon  in  place 
and  bolt  tightly  to  keep  pentagon  from  moving  during  assembly. 

19.  Obtain  1/8"  thick  x  1/4"  diameter  acrylic  spacers  and  bond  approximately 
4"  from  each  corner  centered. 

NOTE:  Two  (2)  spacers  are  needed  per  side  only.  If  one  pentagon  has  these 
blocks,  then  omit  blocks  to  mating  side. 

Use  PS-30  cement  -  for  bonding  spacers. 

20.  Using  the  vacuum  hand  lift,  place  five  (5)  pentagons  into  assembly  fixture 
and  align  with  polar  pentagon. 

21.  After  alignment  obtain  large  micrometer  with  Brown  and  Sharpe  No.  8241-941 
dial  indicator  from  inspection  box.  Obtain  the  three  rods  from  box  (1)  22" 
(2)  23"  and  (3)  21".  Assemble  together  and  set  dial  indicator  to  read  zero. 
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NOTE:  Dial  indicator  will  not  set  at  zero-zero  dial,  but  will  set  at  600, 
so  turn  dial  indicator  to  read  zero  to  600. 

22.  Using  dial  indicator  measure  the  diameter  of  the  hemisphere  and  shim  where 

necessary  to  read  66"  +  .25".  Measure  hemisphere. 

NOTE:  Each  pentagon  must  be  measured  to  one  situated  directly  across  from 
from  one  to  the  other. 

23.  When  hemisphere  is  within  spherical  tolerance  of  66"  +  .250",  obtain  Flex  G 
acrylic  strips  3/4"  thick  or  S310  material  0.750"  wide  by  36"  long*  Take 
to  Machining  and  rout  a  groove  down  the  center  length  1/8"  wide  x  1/2"  deep. 

24.  Form  these  strips  to  fit  both  outside  and  inside  surfaces  of  set  pentagons. 
Using  methylene  cloride,  bond  the  strips  to  the  pentagons. 

25.  After  all  strips  have  been  bonded  to  hemisphere,  place  a  bead  of  PS-18 
resin  around  all  strips  to  prevent  leaks  after  hemisphere  has  been  filled 
with  S-49  casting  cement. 

26.  Drill  an  "F"  size  hole  at  lowest  point  of  hemisphere.  Place  a  1/4"  0D 
aluminum  tube  3"  long  into  hole  and  cement  into  place  between  pentagons. 

27.  Obtain  2000  grams  of  basic  S-49  resin  from  resin  mixing  room-in-a  new, 
clean  gallon  can:  Mix  4  grams  of  benzoin  (.2%)  and  10  grams  of  larurel 
peroxide  (.5%).  Place  lid  on  container.  Take  resin  to  the  NEMO  room 
which  is  a  temperature  controlled  room  @  a  constant  72°F. 

28.  Place  gallon  can  on  converted  edge  attachment  sander,  and  set  atop  the 
two  (2)  rollers.  Turn  switch  on  and  let  roll  over  night. 

29.  Place  mixed  S-49  as  resin  into  pressure  pot  and  attach  nitrogen  bottle 
to  pot.  Attach  fill  tube  from  pot  to  1/4"  0D  Aluminum  tube  on  sphere. 

30.  Apply  five  (5)  pounds  pressure. 

31.  Fill  joints  all  around  Polar  Pentagon  and  allow  resin  to  rise  approximately 
one  (1)  inch  above  the  upright  joints.  (This  allows  for  shrinkage). 

32.  Clamp  off  tube. 

33.  Allow  to  cure  in  NEMO  room  until  hard  (approximately  24  hours).  Room  is 
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to  be  kept  between  70°F  and  75°F  temperature. 

34.  Remove  first  hemisphere  from  cement  fixture. 

35.  Rout  joints  on  both  outside  and  inside  flush  with  pentagons. 

36.  Polish  up  all  seams  on  both  inner  and  outer  surfaces. 

37.  Place  six  (6)  new  pentagons  into  assembly  fixture  and  assemble  same  as  first 

pentagon.  Follow  steps  one  (16)  through  twenty-two  (36)  above. 

38.  Place  hemisphere  Number  one  (1)  on  top  of  Number  two  (2)  and  check  spherical 
diameter. 

39.  If  hemispheres  measure  within  tolerance  of  66"  +  .250",  cutjfit  and  cement 
joint  strips  around  equator  of  sphere  leaving  a  funnel  at  the  top  of  each 
bottom  pentagon. 

40.  In  obtaining  and  preparing  S-49  resin,  repeat  Steps  27  and  28 

41.  To  feed  S-49  resin  into  the  equator  section  of  sphere,  follow  Steps  29  and  30 

of  Operation  5. 

42.  Allow  resin  to  cure  in  NEMO  room  until  hard  (approximately  24  hours).  Room 
is  to  be  kept  between  70°F  and  75°F  temperature. 

43.  Remove  sphere  from  assembly  fixture.  Using  the  cell  casting  hoist,  hook  up 
lifting  plate  to  hoist,  fold  lifting  plate  and  insert  into  sphere.  Making 
sure  lifting  plate  will  not  damage  sphere,  lift  sphere  from  fixture. 

44.  Machine,  sand  and  polish  all  bonded  areas. 

45.  Anneal  sphere  in  a  175°F  oven  for  24  hours. 

46.  Inspect  all  cemented  joints  for  voids  larger  than  1/4"  in  diameter. 

47.  Final  clean  up. 

48.  Final  Inspection. 

49.  Wrap  with  Pro tec  10V. 


4 


B-16 


12122  WESTERN  AVENUE/GARDEN  GROVE.  CALIFORNIA  92645/714-093-7531  TELEX  678457 
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SWEDLOW,  INC. 


Reference:  45-74-121 
Date:  March  18,  1974 


TEST  REPORT 


CUSTOMER: 

PURCHASE  ORDER  NO.: 


Disbursing  Officer,  DCASR,  Los  Angeles 
11099  So.  La  Cienega  Boulevard 
Los  Angeles,  California  90045 

N001 23-73-C-l 671 


MATERIAL  TESTED:  Remnants  from  each  sheet  used  in  fabrication 

of  NEMO  Model  2000  Hull 


Test  specimens  were  cut  to  rough  dimensions  using  a  bandsaw  and  to  final 
dimensions  (with  the  exception  of  tensile  specimens)  by  means  of  a 
vertical  mill,  with  a  six-flute,  carbide-tipped  shell  end-mill.  Tensile 
specimens  were  routed  to  the  configuration  of  a  template  which  complies 
with  dimensions  set  forth  in  A.S.T.M.  D-638  for  Type  I  specimens.  Sharp 
edges  were  broken  to  about  .005  inch.  Machined  surfaces  were  sanded, 
first  with  280  grit  paper,  and  finally  with  600  grit  Wet-or-Dry  paper  to 
remove  tool  marks.  All  specimens  were  annealed  to  remove  any  residual 
stresses  introduced  during  machining. 

Test  specimens  were  conditioned,  at  a  temperature  of  73.5  +  2°F  and 
relative  humidity  of  50  +  5%,  for  a  period  of  40  hours  prior  to  testing. 

Tensile,  compressive  and  flexural  values  were  obtained  by  means  of  a 
Tinius-Olsen  Elect-0  matic  Testing  Machine.  Deformation  under  load 
values  were  obtained  on  a  Tinius-Olsen  tester  designed  for  that 
particular  test. 


Respectfully  submitted, 
SWEDLOW,  INC. 


-<^7 '-tiuu* — 

C.  A.  Mil/ier,  Supervisor 
Physical  Testing  Laboratory 
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SWEDLOW,  INC 


Date: 

Purchase  Order  No. : 


FOR:  NEMO  Model  2000  Hull 

Sales  Order  No.:  3-5940 

Page  1 

TENSILE:  Conditioned  40  hours  at  73°F  and  50  Percent  R.  H. 

ASTM  D-638  tested  at  0.05  In/Min 


SHEET 

SPECIMEN  SIZE 

LOAD 

ULTIMATE 

ELONGATION 

NO. 

(INCH) 

(LBS) 

(PSI) 

(PERCENT) 

021 

1-  .236  x 

.483 

1330 

11,668 

7.0 

2-  .242  x 

.478 

1365 

1 1 ,800 

6.0 

023 

1-  .247  x 

.481 

1465 

12,331 

6.0 

2-  .251  x 

.476 

1360 

11,382 

6.0 

024 

1-  .255  x 

.479 

1400 

11,461 

5.5 

2-  .254  x 

.482 

1420 

11,600 

5.5 

025 

1-  .253  x 

.481 

1425 

11,709 

5.5 

2-  .252  x 

.479 

1420 

11,764 

5.0 

026 

1-  .251  x 

.483 

1415 

11,671 

5.5 

2-  .252  x 

.481 

1355 

11,179 

5.5 

027 

1-  .252  x 

.479 

1315 

10,893 

5.5 

2-  .253  x 

.477 

1275 

10,565 

5.5 

028 

1-  .248  x 

.472 

1235 

10,551 

5.0 

2-  .252  x 

.474 

1270 

10,632 

5.5 

029 

1-  .253  x 

.471 

1200 

10,070 

4.0 

2-  .247  x 

.474 

1185 

10,121 

4.0 

034 

1-  .254  x 

.475 

1290 

10,692 

5.5 

2-  .247  x 

.475 

1265 

10,781 

5.0 

035 

1-  .250  x 

.479 

1250 

10,440 

5.0 

2-  .246  x 

.477 

1120 

9,545 

3.0 

036 

1-  .250  x 

.476 

1280 

10,756 

5.5 

2-  .251  x 

.477 

1275 

10,649 

5.0 

037 

1-  .249  x 

.475 

1250 

10,570 

5.5 

2-  .248  x 

.474 

1235 

10,504 

5.5 
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MODULUS 

JPSIL 

447,000 

465,000 

467,000 

437,000 

437,000 

485,000 

473,000 

490,000 

474,000 

456,000 

446,000 

495,000 

498,000 

492,000 

446,000 

449,000 

475,000 

478,000 

505,000 

428,000 

454,000 

465,000 

465,000 

447,000 
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SWEOLOW,  IIMC 


NEMO  Model  2000  Hull 
S.  0.  No.  3-5940 
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FLEXURAL  -  Conditioned  40  Hours  at  73°F  and  50  Percent  R.  H. 


ASTM  D-790 

-  4 

inch  span,  test 

speed  0.11 

In/Min 

SHEET 

SPECIMEN  SIZE 

LOAD 

ULTIMATE 

MODULUS 

NO. 

(INCH) 

(LBS) 

(PSIJ_ 

(PSD 

021 

1- 

.500  x  .258 

95.8 

17,261 

415,000 

2- 

.500  x  .258 

95.5 

17,207 

443,000 

023 

1- 

.498  x  .258 

101.3 

18,326 

444,000 

2- 

.491  x  .257 

82.3 

15,238 

442,000 

024 

1- 

.500  x  .258 

103.1 

18,577 

452,000 

2- 

.494  x  .258 

101.3 

18,474 

457,000 

025 

1- 

.501  x  .257 

102.0 

18,508 

433,000 

2- 

.502  x  .258 

103.1 

18,503 

445,000 

026 

1- 

.501  x  .258 

101.1 

18,180 

460,000 

2- 

.498  x  .257 

101.3 

18,492 

463,000 

027 

1- 

.493  x  .256 

96.3 

17,883 

459,000 

2- 

.495  x  .256 

98.0 

18,127 

477,000 

028 

1- 

.493  x  .249 

93.1 

18,258 

478,000 

2- 

.493  x  .247 

93.7 

18,686 

474,000 

029 

1- 

.494  x  .246 

92.4 

18,048 

479,000 

2- 

.495  x  .249 

93.6 

18,306 

475,000 

034 

1- 

.492  x  .247 

88.1 

17,588 

475,000 

2- 

.493  x  .246 

82.5 

16,624 

480,000 

035 

1- 

.495  x  .248 

78.7 

15,511 

487,000 

2- 

.494  x  .247 

90.6 

18,047 

484,000 

036 

1- 

.494  x  .247 

77.0 

15,326 

473,000 

2- 

.493  x  .248 

92.1 

18,210 

484,000 

037 

1- 

.492  x  .248 

91.4 

18,113 

469,000 

2- 

.495  x  .248 

92.2 

18,194 

467,000 

TRANSPORTATION  PRODUCTS  DIVISION 
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SWEDLOW,  IIMC 


NEMO  Model  2000  Hull 
S.  0.  No.  3-5940 
Test  Report,  Continued 
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DEFORMATION  UNDER  LOAD 


ASTM  D  621  -  Tested  as  received  at  122°F  for  24  hours  under  4000  psi  load 

Test  Specimens:  1/2  Inch  Cube 


SHEET 

NO. 

DEFORMATION  (INCH) 

10  SEC.  24  HOURS 

DIFFER 

(IN) 

MICROMETER 

READING 

(IN) 

CALC.  ORIG. 
THICKNESS 
(IN) 

DEFORM. 

021 

1-  0.0863 

2-  0.0822 

0.0889 

0.0848 

0.0026 

0.0026 

0.4998 

0.5025 

0.5024 

0.5051 

0.52 

0.51 

023 

1-  0.0857 

2-  0.0813 

0.0886 

0.0842 

0.0029 

0.0029 

0.4985 

0.5020 

0.5014 

0.5049 

0.58 

0.57 

024 

1-  0.0819 

2-  0.0764 

0.0843 

0.0788 

0.0024 

0.0022 

0.5013 

0.5025 

0.5037 

0.5047 

0.48 

0.44 

025 

1-  0.0755 

2-  0.0763 

0.0778 

0.0787 

0.0023 

0.0024 

0.5036 

0.5023 

0.5059 

0.5047 

0.45 

0.48 

026 

1-  0.0765 

2-  0.0752 

0.0795 

0.0774 

0.0030 

0.0022 

0.5014 

0.5007 

0.5044 

0.5029 

0.60 

0.44 

027 

1-  0.0684 

2-  0.0676 

0.0708 

0.0699 

0.0024 

0.0023 

0.5029 

0.5036 

0.5053 

0.5039 

0.47 

0.46 

028 

1-  0.0738 

2-  0.0708 

0.0761 

0.0735 

0.0023 

0.0027 

0.4980 

0.5003 

0.5003 

0.5030 

0.46 

0.54 

029 

1-  0.0691 

2-  0.0707 

0.0712 

0.0733 

0.0021 

0.0026 

0.5014 

0.4997 

0.5035 

0.5023 

0.42 

0.52 

034 

1-  0.0709 

2-  0.0720 

0.0743 

0.0751 

0.0034 

0.0031 

0.4986 

0.4983 

0.5020 

0.5014 

0.67 

0.61 

035 

1-  0.0714 

2-  0.0711 

0.0745 

0.0744 

0.0031 

0.0033 

0.4990 

0.4980 

0.5021 

0.5013 

0.61 

0.65 

036 

1-  0.0715 

2-  0.0698 

0.0747 

0.0734 

0.0032 

0.0036 

0.4975 

0.4996 

0.5007 

0.5032 

0.63 

0.72 

037 

1-  0.0708 

2-  0.0707 

0.0740 

0.0740 

0.0032 

0.0033 

0.4991 

0.4982 

0.5023 

0.5015 

0.64 

0.66 
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NEMO  Model  2000  Hul 1 
S.  0.  No.  3-5940 
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SHEAR  STRENGTH 

ASTM  D-732  Rate  of  Test:  0.05  In/Min 

Punch  Diameter:  0.999  In.  (1.000  In.  Dia.  disc  punched  out) 


MAXIMUM 


SHEET 

NO. 

THICKNESS 

(INCH) 

LOAD 

(LBS) 

SHEAR  STRENGTH 
(PSI) 

021 

1- 

0.259 

8,240 

10,100 

2- 

0.253 

8,250 

10,400 

023 

1- 

0.255 

8,190 

10,200 

2- 

0.254 

8,220 

10,300 

024 

1- 

0.254 

8,190 

10,300 

2- 

0.256 

8,260 

10,300 

025 

1- 

0.257 

8,220 

10,200 

2- 

0.258 

8,340 

10,300 

026 

1- 

0.254 

8,830 

11,100 

2- 

0.255 

8,210 

10,300 

027 

1- 

0.250 

7,800 

9,930 

2- 

0.245 

7,770 

10,100 

028 

1- 

0.245 

8,220 

10,700 

2- 

0.254 

8,440 

10,600 

029 

1- 

0.250 

8,200 

10,400 

2- 

0.253 

8,690 

10,900 

034 

1- 

0.253 

8,870 

11,200 

2- 

0.254 

8,770 

11,000 

035 

1- 

0.252 

9,130 

11,500 

2- 

0.253 

8,450 

10,600 

036 

1- 

0.255 

9,100 

11,400 

2- 

0.253 

8,670 

10,900 

037 

1- 

0.254 

8,340 

10,500 

2- 

0.256 

7,950 

9,880 
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COMPRESSIVE  PROPERTIES  :  Tested  at  Room  Temperature 


ASTM  D-695 

Rate  of  Test:  0.05  In/Min 

YIELD 

YIELD 

SHEET 

NO. 

SPECIMEN  SIZE 
(INCH) 

LOAD 

(LBS) 

STRENGTH 
(PSI) _ 

MODULUS 

(PSI) 

021 

1- 

0.503  x  0.502  x 

1.504 

4,880 

19,300 

570,000 

2- 

0.503  x  0.502  x 

1.505 

4,950 

19,600 

530,000 

023 

1- 

0.500  x  0.503  x 

1.502 

4,630 

18,400 

520,000 

2- 

0.501  x  0.503  x 

1.502 

4,590 

18,200 

500,000 

024 

1- 

0.503  x  0.503  x 

1.499 

4,610 

18,200 

510,000 

2- 

0.504  x  0.503  x 

1.499 

4,740 

18,700 

500,000 

025 

1- 

0.505  x  0.505  x 

1.502 

4,660 

18,300 

510,000 

2- 

0.504  x  0.504  x 

1.500 

4,780 

18,800 

510,000 

026 

1- 

0.503  x  0.503  x 

1.501 

4,570 

18,100 

510,000 

2- 

0.503  x  0.501  x 

1.500 

4,650 

18,500 

520,000 

027 

1- 

0.504  x  0.506  x 

1.502 

4,650 

18,200 

510,000 

2- 

0.506  X  0.504  x 

1.504 

4,690 

18,400 

520,000 

028 

1- 

0.501  x  0.501  x 

1.500 

4,650 

18,500 

540,000 

2- 

0.502  x  0.502  x 

1.507 

4,710 

18,700 

540,000 

029 

1- 

0.502  x  0.502  x 

1.506 

4,810 

19,100 

530,000 

2- 

0.502  x  0.502  x 

1.506 

4,610 

18,300 

500,000 

034 

1- 

0.501  x  0.502  x 

1.505 

4,520 

18,000 

510,000 

2- 

0.501  x  0.500  x 

1.505 

4,600 

18,400 

530,000 

035 

1- 

0.502  x  0.501  x 

1.506 

4,650 

18,500 

520,000 

2- 

0.503  x  0.503  x 

1.506 

4,480 

17,700 

530,000 

036 

1- 

0.503  x  0.502  x 

1.505 

4,510 

17,900 

510,000 

2- 

0.501  x  0.500  x 

1.506 

4,490 

17,900 

510,000 

037 

1- 

0.501  x  0.502  x 

1.505 

4,640 

18,400 

530,000 

2- 

0.503  x  0.502  x 

1.503 

4,510 

17,900 

530,000 
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Date:  21  May  1974 
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For:  NEMO  Model  2000  Hull 
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BONDED  JOINT  TENSILE  STRENGTH 
(Required  :  5000  psi) 

Test  specimens  were  machined  from  the  joint  evaluation  coupon  which  had  been  bonded 
and  annealedin  the  same  manner  as  the  pressure  hull.  Specimens  were  of  the  dimen¬ 
sional  configuration  set  forth  in  Sketch  No.  2002.  The  testing  speed  used  was 
0.05  inch  per  minute. 


Specimen 

Width 

(In) 

i 

0.744 

2 

0.747 

3 

0.750 

4 

0.746 

5 

0.750 

6 

0.749 

7 

0.747 

8 

0.748 

9 

0.742 

10 

0.748 

11 

0.745 

12 

0.744 

Thickness  Load 

(In)  iLbs) 

0.529  3015 

0.532  3210 

0.485  2825 

0.547  3720 

0.540  2075 

0.534  3550 

0.531  2920 

0.526  3240 

0.519  2365 

0.536  3320 

0.536  3390 

0.534  3440 

Average 


Ultimate 

Strenqth 

...(P-SjL 

Mode  of 
Failure 

7661 

Cohesive 

8074 

Acrylic 

7766 

Cohesive 

9116 

Cohesive 

5123 

Cohesive 

8876 

Cohesive 

7362 

Cohesive 

8235 

Cohesive 

6141 

Cohesive 

8281 

Cohesive 

8489 

Cohesive 

8659 

Cohesive 

7815 
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C.  A.  Millfer,  Supervisor 
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Enclosures  6B,  7B 


Sphericity  After  Forming 


APPENDIX  C 


DATA  FROM  HYDROSTATIC  TESTS 


APPENDIX  C.  DATA  FROM  HYDROSTATIC  TESTS 


Both  the  15-inch  OD  X  13-inch  ID  scale  Model  34  and  the  66-inch  OD  X  58-inch  ID 
full  scale  Model  2000  Nemo  Hulls  were  extensively  instrumented  with  strain-gages  (see  Figs. 
20  and  23  of  main  text)  so  that  their  structural  performance  under  external  hydrostatic 
pressure  could  be  accurately  measured  and  evaluated.  Highlights  of  that  data  have  been 
summarized  (see  Tables  4,  5  and  6)  and  discussed  in  the  main  body  of  the  report. 

Still,  other  researchers  in  the  field  of  acrylic  plastic  pressure  hulls  may  need  to  refer 
to  some  specific  detail  of  that  data  not  provided  in  the  main  body  of  the  report.  For  this 
reason  the  data  generated  during  some  of  the  more  severe  hydrostatic  tests  has  been  selected 
for  presentation  here  in  Appendix  C.  For  the  15-inch  OD  X  13-inch  ID  scale  Model  34  the 
most  severe  as  well  as  the  most  important  test  was  pressurizing  to  implosion;  this  data 
is  presented  in  Table  1C.  The  66-inch  OD  X  58-inch  ID  full  scale  Model  2000  Nemo  Hull 
has  not  been  tested  to  implosion  therefore  this  data  is  not  available.  Instead,  the  data  from 
the  long  term  pressurization  cycles  to  1350  and  1800  psi  are  shown  in  Tables  2C  and  3C. 

Data  from  15-inch  OD  X  13-inch  ID  Model  34 


Data  Recording 

The  strain  data  was  generated  by  subjecting  the  1 5-inch  OD  X  1 3-inch  ID  Model  34 
to  external  hydrostatic  pressure  rising  at  100  psi/minute  rate.  During  recording  of  strain 
data  (which  took  about  2  minutes  per  recording)  the  pressure  was  held  constant.  The  tem¬ 
perature  of  water  used  in  pressurizing  of  Model  34  was  in  the  70-75°F  range. 


Data  Interpretation 

The  most  important  observation  that  can  be  made  of  the  strain  data  from  Model  34 
is  that  all  the  strains  measured  on  the  acrylic  plastic  as  well  as  on  aluminum  were  linear  to 
well  over  1400  psi,  indicating  that  both  materials  were  still  in  the  elastic  range  when  the 
simulated  depth  passed  the  3000-foot  mark.  At  simulated  depth  of  4000  feet  most  of  the 
strains  became  markedly  non-linear,  and  at  5000  feet  the  strains  became  exponential. 

The  linear  behavior  of  strains  to  depths  in  the  3000-3300  foot  range  substantiates 
the  postulate  that  the  Model  2000  Nemo  Hull  design  (and  its  scaled  down  version  Nemo 
Model  34)  is  operationally  safe  to  3000  feet  as  all  of  the  materials  in  the  hull  respond  elasti¬ 
cally  in  the  0-3000  foot  range. 
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Data  from  66-Inch  OD  X  58-Inch  ID  Model  2000  Nemo  Hull 


Data  Recording 

The  strain  data  was  generated  by  subjecting  the  66-inch  OD  X  58-inch  ID  Model 
2000  Nemo  Hull  to  external  hydrostatic  pressure  rising  at  100  psi/minute  rate.  During 
recording  of  strain  data  (which  took  about  2  minutes  per  recording),  the  pressure  was  held 
constant.  The  temperature  of  water  used  in  pressurizing  of  the  Model  2000  Nemo  Hull  was 
in  the  70-75°F  range. 

Once  the  maximum  pressure  was  reached  further  pressurization  was  stopped  and  the 
maximum  pressure  maintained  for  24  hours.  Readings  were  taken  at  6  hour  intervals,  but 
only  the  last  reading  (taken  24  hours  after  initiation  of  long  term  loading)  is  shown  on  the 
data  printout. 

Readings  were  taken  also  during  the  depressurization  which  took  place  at  100  psi / 
minute  rate.  Upon  reaching  0  pressure  the  Model  2000  Nemo  Hull  assembly  was  allowed  to 
relax  for  24  hours  while  readings  were  taken  every  6  hours  (only  the  last  relaxation  reading 
is  shown  in  the  data  printout). 


Data  Interpretation 

The  strains  are  linear  to  3000  feet.  The  creep  in  acrylic  plastic  after  24  hours  of  sus¬ 
tained  loading  at  3C00  feet  was  less  than  20  percent  of  the  short  term  strain  at  that  depth. 
After  reduction  of  pressure  to  0  psi  and  24  hour  relaxation  at  0  psi  all  strains  returned  to 
zero.  Both  the  linearity  of  strain  in  the  0-3000  foot  range  and  return  of  strains  to  zero  at 
conclusion  of  the  pressure  cycle  indicate  that  the  Model  2000  Nemo  Hull  can  be  repeatedly 
pressurized  without  permanent  deformation  to  3000  feet. 

When  pressurized  to  4000  feet  there  was  some  nonlinearity  at  depths  beyond  3500 
feet.  The  creep  in  acrylic  plastic  after  24  hours  of  sustained  loading  at  4000  feet  was  about 
30  percent  of  the  short  term  strain  at  that  depth.  After  reduction  of  pressure  to  0  and  24 
hours  of  relaxation  at  0  pressure  most  of  the  strains  in  acrylic  and  aluminum  return  essen¬ 
tially  to  zero  (are  within  ±100  microinches  of  original  zero).  Only  at  some  interior  locations 
on  aluminum  components  (location  6,  13,  14)  wei  the  remaining  stresses  positive  and  sig¬ 
nificantly  Iiigh.  No  explanation  has  been  found  for  their  tensile  character,  or  large  magnitude. 

The  indications  of  nonlinearity  during  pressurization  in  the  3500-4000  foot  depth 
range,  excessive  creep  during  long  term  pressurization  at  4000  feet,  and  residual  strains  after 
relaxation  at  0  depth  indicate  that  pressurization  of  the  Model  2000  Nemo  Hull  to  4000  feet 
subjects  the  assembly  to  excessive  stresses.  It  is  therefore  postulated  that  the  Model  2000 
Nemo  Hull  assembly  should  not  be  prooftested  in  excess  of  3600  feet  for  service  at  depths 
to  3300  feet. 
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Table  1C.  Strains  Measured  on  1 5-Inch  OD  X  13-Inch  ID  Nemo  Model  34 


Location  of  gages  shown  on  Figure  20,  pg.  44 


Table  1C.  (Continued). 
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Table  2C.  Strains  Measured  on  the  66-Inch  OD  X  58-Inch  ID  Model  2000  Nemo  Hull 
Under  24-Hour  Long  Hydrostatic  Loading  of  1350  Psi 
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EP2  —  longitudinal  orientation 


Table  2C.  (Continued). 
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Table  2C.  (Continued). 
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STRAIN  REDUCTION  Of  A  TWO  GAGE  ROSETTE 
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STRAIN  REDUCTION  OF  A  TnO  CAGE  ROSETTE 
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APPENDIX  D.  DATA  FROM  FINITE  ELEMENT  STRESS  ANALYSIS 
OF  66-INCH  OD  X  58-INCH  ID  MODEL  2000  NEMO  HULL  ASSEMBLY 

Although  the  results  of  the  finite  element  stress  analysis  for  66-inch  OD  X  58-inch 
ID  Model  2000  Nemo  Hull  under  900  psi  hydrostatic  loading  have  been  summarized  in  the 
text  of  the  report  (Figures  4  to  8)  it  was  considered  desirable  to  publish  this  data  for  the 
benefit  of  other  plastic  hull  investigators.  The  data  details  the  predicted  stress  and  strains 
for  both  the  top  hatch  (Figures  ID)  and  bottom  penetration  plate  (Figure  2D).  To  correlate 
the  stresses  and  strains  shown  on  Figures  1 D  and  2D  with  physical  locations  on  the  Model 
2000  Nemo  Hull  one  has  only  to  locate  the  corresponding  node  numbers  on  finite  element 
meshes  for  top  hatch  (Figure  5)  and  bottom  penetration  plate  (Figure  6). 

Since  the  finite  element  stress  analysis  was  based  on  the  assumption  that  the  stress- 
strain  relationship  of  acryhc  plastic  is  linear  under  short  term  loading  in  the  0-10,000  psi 
stress  range,  the  calculated  values  for  900  psi  hydrostatic  loading  (Figure  ID  and  2D)  can 
be  extrapolated  with  reasonable  confidence  to  1350  psi  hydrostatic  loading  representing 
the  3000  foot  operational  depth  of  the  Model  2000  Nemo  Hull.  For  hydrostatic  loadings 
in  excess  of  1500  psi  the  extrapolation  of  values  calculated  for  900  psi  is  not  recommended 
as  the  stress-strain  relationship  for  acrylic  plastic  becomes  non-linear  at  the  stress  values 
encountered  in  this  loading  range. 
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Figure  1  D.  Predicted  stress  and  strains  for  the  top  hatch. 
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igure  2D.  Predicted  stress  and  strains  for  bottom  penetration  plate. 


10 

< 

J 

a 

t 

i 


I 

IS 

* 

u 

D 

z 


o  <*>  to  ro  n  pi 
30000  C^OCj>  c 

0  to  t*  t£j  gi  ^ 

fe  «  r>.  CO  *—  ©  «*»<\»  pi 
f  VO®  <NI 

»N#(*l*r-OOOM 
nvomoo  CM>m  CM 


vCftNtt-iS^Soifl 


rnmNN«  ncvt  cm  •—  »*»  cm  cm  —  <- 


. .  t  t  <  i  i  i  i  •  t  i  i  r  ■  t  •  •  t  i  i 


5IJf®^-CMvQOOCM 
eoO>-  co  cmpm  r- 

sdl«Qr>0"N  « 
h^<0#t0«0«n 

-iniAOp-dO  p^~  cm 
Kp)0(009  «Q  to 

0  CM  CM  CM  CM  CO  CM  CM  CM 


M)Oi«>KOUO^(slfl»/MJ>ffia)Pth.N^lflMCNO>W«r-r 


XMVNOlC 


cMv/iN«)r>.<*(>j»^M(*)(-oocM^i*(NOQin-Niii5(»^-rN.wc.»isoiood'3^«)6NO-v«f'OW(Oinii)Orvco 
oowow<,if-vr^'fl'?»cM3r-(offS4-w*N«)CMKi/)COff)6N(oa»<»nocM<Mi'Ovris(Oftico^SiN»NMinp-ifl 
Oaowwr>.^ifl-.ioto»-vl^w^<vno(j;cOMfio— <»N<t-vo<MCi!^  ♦ificsjin(o^r^N»oIm^a)N<«oiflj<--‘®dr^od 
OrtiflQCMOjiou>f-<'ir>»o<pS(»uoov«>CNMOCMP>iMcc  w®  wo  -  owaowor-  cn  ©  ©  •—  ^OC3rvinN^-kniniAm«>- 

i-^fvincjOOOf^^'-fsO'r^ls^n. —  OC^CO. —  <7"OM(MOcor^l/*a»<r, —  r-  N  I —  VO  >—  tr>  U1  . —  iJdOIOdr'OOiCOMCl 

CM  CO  CM  CM  CM  ,—  PO  CM  CM  CM  —  CM  CM  CM  CM  CM  CM  CM  _-  —  CO  CM  CM  CM  CM  CM  _  r-  .—  CM  <#1  Cm  CO  UO  ^  CO  PI  CM  CV)  CM  •—  OS  CO  Pv  VO  V  CO  CM  I 


Mr®JO*'tiP''jirifvi  *  tr  it  o 
»  J-  m  -v  H  C  rMT-fc/l— <0CrviJ3CT  1*1 

©xxx-o.naeaoTsc.ro-HW*' 

tCTITMfVPCCJ  »■  #  f*>  O,  — 

<y  xxp^oct  -OP-ajTCP  x  ^  c 

OiOjrvjrvOjrviOj'Mrvj'MOjrvctirVjrijCO 


x— <f^rur-rocj-Lp-«P-f*vcrv/' 
Pl/Iifjja-HTTH)XT  Ol 
T  o  x  CO 

xjn/'cciimjiv/'ivxH 

xo-mff-cx^r  ®tsywo 

rvivctiOjfoojnjcjfMOjnjOjm 


cvmorv#'^rvar^cBx-«3ciOcoc3C’a«rff,ooPUv#ioD<-* 

trP»ap-CQp-»-OHi/''uff'Xi,'orw#-or\.»-j)fUj-jI,n1^ 

i/1  o  i/>  c  *■  T*#ciBoniN«<XHjO(/,c»fC'#  sman 


o  r«-  n-  or  x  ®  w  v  ocf'-f*-rvflocr^<rQ©-«>M-*rv.rtr>.OB«(r 
cnoj(v'Vioj(MOaOi^rTifMr\#Cv<c\ifVfVjfVfopnmrcrriojrMi,OOjrvj»V 


a  X  *•  -*  m 
rtUff-fVi-t 
Oh 
fv  rv  r-  r\;  ff 

(TOOhh 


M  K  x  ji  t  h  -e  xirvxooj-v— >ojm»  mon^rvoP'piviiVHHOirctiv. 

i  oj  m  -u  -*  a  cr  xximru-Ho«o,  x  j1  m/i  h  o  H  jo 

x«<r-Hfomvnrvff-  r\,  » 


'  *■  »  Oi  %  -n  c 


<ru'\ii*i^HHAinMf 


Oh--,-,-,. 


1/  IVO  30  C  • 


®  cr,  =r  o  rv  *  x  p  tr  . 
—  CT  ctoooooo- 


^■o-a’fMtnx-*cno- 

O^nifl/IHOta 

XP*-o-o»M#i^rvff- 


'creroooooc 


(J«P  4 

O'** 

s 


*  tnxn.aoo'o.nrti'Ti  *-1/1x0-00®  o  h  iv  m  »  i4  4 
rvr-rsr-r-r,®®sKaa®®®®V0-(POrcrr7 


D-8 


Figure  2D.  (Continued). 
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Figure  2D.  (Continued). 
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Figure  2D.  (Continued). 


